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ABSTRACT
A test program was conducted to experimentally investigate and verify the compressive
instability failure modes of cellular box columns. The test specimen matrix consisted of
multicellular stub column tests to investigate cell interaction and plate width-to-thickness
(bit) ratio, in addition to long column tests to investigate length effect. The nominal plate
width-to-thickness ratios of the specimens varied from 48 to 96.
The test results indicate that local plate instability is the predominant mode of failure,
with the width-to-thickness ratio being the main parameter affecting capacity. The
specimens with a width-to-thickness ratio of 96 initially buckled between 3.5 to 7 percent
of the specimen yield strength, whereas, for a width-to-thickness ratio of 48, the initial
local buckling load occurred at approximately 44 percent of the yield strength. The
specimen capacity was found not to be significantly sensitive to length, where a seven
percent decrease in capacity occurred in the long columns relative to the stub columns.
In addition, a six percent increase in capacity occurred in multicellular specimens relative
to single cell specimens for similar width-to-thickness ratios.
The experimental ultimate specimen capacity was compared with theoretical, empirical,
and numerical models. The von Karman effective width method overpredicted the
experimental results within eight percent. Including the Winter reduction factor to
account for residual stresses and imperfection effects, the specimen capacity was
underpredicted within 13 percent. Based on the empirical equation of Frankland, the
ultimate specimen capacity agreed within eleven percent. The finite element method,
using measured specimen geometry and material properties, geometric imperrections, and
residual stresses, in addition to accounting for material and large displacement
nonlinearities, was able to predict the axial load - shortening behavior reasonably well and
estimated the specimen capacity within 14 percent. In addition, the finite element model
was used to model the individual plates and sum their capacities. This method predicted
the ultimate capacity within seven percent of the specimen capacity.
2
1. INTRODUCTION
1.1 Background
Conventional ship design involves the use of a single skin of steel plating, which is
orthogonally stiffened by transverse members. The advanced double hull system consists
of a parallel set of plates, which are stiffened by longitudinal girders (or web plates) that
span between transverse bulkheads. This twin skin structure wraps around the entire ship,
including the bottom, the sides and across the main deck. Both the conventional hull and
the double hull construction are illustrated in Figure 1.1. Some of the advantages of the
advanced double hull system include: improved combat and collision resistance; fewer
areas of structural discontinuity; fewer complex weld details; and suitability for automated
fabrication. Because of these advantages, the United States Navy has identified the
j
advanced double hull concept as one of the key technologies for its future fleet. A high
strength low alloy (HSLA) steel, which has recently been approved for use in fabrication
of U.S. Naval combatant ship structures, is to be used.
Stresses develop in the components ofa hull as a ship is subjected to wave, buoyancy,
deck flooding, or underwater shock loadings. As compressive stresses develop, instability
of the hull components may occur, leading to buckling, which can strongly affect the
overall stiffness and strength of the hull. The stability of the hull components therefore
requires careful investigation. Figure 1.2 shows three basic instability failure modes that
3
can develop in the advanced double hull: 1) local plate instability; 2) beam-column
instability; and 3) cellular grillage instability. Plate components of double cell may
undergo local instability if the plate slenderness and width-to-thickness (bit) ratios are
large. Beam-column instability involves overall buckling of the cells between bulkheads,
and is usually coupled with local plate instability effects, as plate buckling will occur first
at relatively low levels of load for typical width-to-thickness ratios used in design. Such
interaction is important, especially in the more slender cellular beam-columns, because
the loss of plate stiffness and strength due to local buckling leads to a reduction in beam-
column stiffness and strength. The third type of instability, cellular grillage, is defined
as the instability behavior of a panel of box cells supported on four edges. Cellular
grillage instability is not covered in the study reported herein. The study is primarily
devoted to local buckling and its affects on overall buckling of double hull ship
components.
In cellular sections, the occurrence of local plate buckling of the plate element does not
necessarily represent the ultimate state of failure (Usami, 1982). After local buckling
occurs, where the average stress (J exceeds the buckling stress (JeP a redistribution of the
longitudinal stress develops, as shown in Figure 1.3, where a greater stress develops near
the unloadd edges of the plate. If the plate element is slender, for example a width-to-
thickness ratio greater than 60 for mild steel, and if the unloaded edges of the plate are
constrained, as in a double hull, there exists an appreciable amount of postbuckling
strength. As shown in the idealized average stress - average strain plots given in Figure
4
1.4, the plate can continue to resist a load increase following initial local buckling.
However, a reduction in the slope of the average stress - average strain, known as the
stiffness, occurs and eventually becomes zero as the ultimate average stress Gmax is
reached. For increasing width-to-thickness ratios, local buckling occurs at a lower
percentage of maximum load (Usami 1984). For sturdier plates, e.g. smaller width-to-
thickness ratios, local buckling is essentially inelastic and is more or less coincident with
plate failure where Gcr is closer to Gmax (see Figure 1.4).
1.2 Stability of Flat Plates
The governing differential equation for a flat plate without imperfections or residual
stresses and subjected to only in-plane action forces is given by:
1 (&W &w &w)y4w--N-+2N --+N- =0D x ax2 xy axay Yay2 (1.1)
where Nx and Ny are the in-plane membrane normal forces and Nxy the in-plane shear
forces imposed on the plate, W the out-of-plane deflection of the plate, and D the rigidity
of the plate, defined as:
D
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(1.2)
In Equation (1.2) E is the modulus of elasticity, v Poisson's Ratio, and t the plate
thickness. For a rectangular plate uniformly compressed in only one direction by the
normal membrane force, Nx' the governing equation is simplified to:
vtw - -IN &w := 0
D x ax2
(1.3)
The deflection surface of the buckled plate can be represented in the case of simply
supported edges, by the double trigonometric series:
;, ;, . (mrrx) . (nrry )w := L Lamn SID -- SID-bm~l n~l a (1.4)
where each amn represents a coefficient, a and b are the length and width of the plate,
respectively (see Figure 1.3), and m and n the number of one-half sine waves into which
the plate buckles along its length and width, respectively. Substituting Equation (1.4) into
Equation (1.3), the critical value of the compressive force Nx becomes
(1.5)
L Lm 2a;n
m~l n~l
Buckling of the plate will occur at the minimum value of Nx• It can be shown that the
minimum value for Nx corresponds to having all coefficients ~n' except one, taken equal
to zero (Timoshenko, 1961). Then,
6
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( 1.6)
The smallest value of Nx is obtained by taking n equal to one. This corresponds to the
plate buckling in such a way that several half waves develop in the direction parallel to
the compressive forces, but only one-half wave in the perpendicular direction. Therefore,
the expression for the critical buckling load (N.)cr becomes
( 1.7)
Equation (1.7) can be rewritten as
where k, the buckling coefficient, is equal to
k'" (b m+ ~ a)2
a mb
(1.8)
(1.9)
A plot of Equation (1.9) provided in Figure 1.5 shows k, and therefore (N.)cr' to be a
minimum value when the aspect ratio of alb equals nz, the number of half waves in the
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d:irection parallel to loading. This occurs when k =4, and indicates for a long plate that
the lengths of the one-half waves approach the width of the plate.
From Equation (1.7), the parameters influencing the buckling load of a perfect plate are
a, b, m, and D. Thus, in addition to the length and width of the plate, the thickness t and
modulus of elasticity E, as reflected in the plate rigidity D, affect the buckling capacity.
These, however, are not the only factors which influence the buckling capacity of a plate.
The plate strength is also effected by boundary conditions, residual stresses, and initial
imperfections.
1.3 Effect of Boundary Conditions, Residual Stresses and Initial Imperfections
The effects of boundary conditions, initial imperfections, and longitudinal residual stresses
on plate strength have been studied both analytically and experimentally. Initial
imperfections and residual stresses are inherent in the fabrication and construction of the
plate components, and therefore must be considered in assessing plate strength
(Ostapenko, 1985).
The longitudinal edges of plates can either translate or be constrained from translating in
the transverse d:irection. In the case of the cellular box, the longitudinal edges are
constrained from translating. Experiments performed by Dwight (1968) showed that the
ultimate strength of a plate element with fixed longitudinal edges is approximately 10
8
percent higher than for simply supported edges. Similar results were found by Lu (1993)
based on a finite element parametric plate study. Experimental and numerical studies
have been carried out to study the effect of simply supported and fixed longitudinal
>
supported edges on plate strength. Various analytical elastic solutions are available in
Timoshenko (1961) for perfect plates under different edge conditions (simply supported
and fixed) and show that restraining solutions increase the buckling capacity of the plate.
Residual stresses exist in steel plates in the absence of any external forces and are formed
due to plate cooling and constrained shrinkage incurred from welding. Residual stresses
reduce the stiffness and therefore the buckling strength. Near a weld, the residual stress
of a plate can be as large as the yield stress. A typical longitudinal residual stress pattern
for a welded steel cellular member is shown in Figure 1.6. The longitudinal residual
stress pattern in each plate can be idealized as a smooth stress distribution consisting of
three rectangular stress blocks across the width of the plate, as shown in Figure 1.7. The
regions close to the weld are in tension with an assumed value of ay directly over the
weld and a width of 11t. The compressive stress, arc' spans across the remaining plate
width of b - 211t with its magnitude based on the average of the measured compressive
stress. The value of 11 ranges from 3.0 to 4.5 (Faulkner, 1975). Ostapenko (1985) reports
an average practical value for 11 of 3.5.
Similar to residual stresses, initial imperfections generally weaken the compressive
strength of plates. A perfect plate goes through bifurcation buckling, which is a sudden
9
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change from the undeformed shape to the buckling mode shape. However, a plate with
initial imperfections in the form of out-of-flatness displaces transversely with no sudden
change in shape, and therefore, the local buckling load is not well defined (see Figure
1.8). Figure 1.9 from Pang (1993) shows finite element results of a simply supported
plate with and without plate out-of-flatness imperfections. In the latter case, the initial
imperfection consisted of one-half waves in both directions, each having an amplitude of
33 percent of the thickness of the plate. The plate imperfections had a capacity that was
15 percent less than that without imperfections. As reported by Carlsen (1978), out-of-
flatness imperfections tend to increase as weld size increases and are affected by the
shrinkage of edge welds. Carlsen (1978) has found that out-of-flatness imperfections are
not influenced by plate yield stress or aspect ratio (a/b). Out-of-flatness imperfections
are also a function of the slenderness, width-to-thickness ratio, of a plate and are of
greater importance for higher strength steels, such as HSLA 80 (Galambos, 1988).
Faulkner (1975) reports that plate distortions caused by welding residual stresses are
larger for thinner plates.
For slender columns fabricated from high strength steel, Batterman (1967) has shown that
imperfections due to out-of-straightness are more important than residual stresses.
Superimposing the strength reductions due to residual stresses and initial imperfections
does not provide an accurate assessment in column and plate strength reduction due to
their combined presence (Batterman, 1967).
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1.4 Ultimate Strength Predictions
1.4.1 Theoretical Solutions
Early ultimate plate strength predictions, accounting for postbuckling strength, was based
on the effective width concept proposed by von Karman (1932). This concept, contrary
to the classical buckling theory of uniform stress distribution across a plate width,
assumes a nonuniform stress distribution across a plate width (see Figure 1.10). As load
increases, stresses in the center of the plate remain relatively constant indicating no
additional load can be carried by the center strip of the plate. However, near the edges
of the plate, the stress increases until a maximum stress equal to that of the yield stress
cry is reached. Von Karman suggested that the actual stress distribution can be replaced
with a uniform stress distribution of a magnitude equal to the yield stress and acting over
an effective width be of the plate. The ultimate load capacity Pmax of the plate is equal
to
(LlO)
The effective width be derived by von Karman is given as:
(LlI)
II
where it can be shown that
(1.12)
in which eYer represents the elastic buckling stress for a perfect plate and is obtained by
setting k =4.0 in Equation (1.8) and dividing the result by the plate thickness t:
(1.13)
Upon substituting Equation (1.12) into Equation (LlO), the following simplified formula
for the plate capacity Pmax is obtained:
(1.14)
where Py represents the yield strength of the plate:
(1.15)
von Karman's effective width was derived for perfect plates and thus does not consider
any effects of residual stress and initial geometric imperfections. Therefore, it can be
expected that the plate capacity based on the effective width prediction provides an upper
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bound for the ultimate capacity of a plate.
Studies by Winter (1946, 1983) led to the application of a reduction factor to the effective
width concept in order to account for the effects of residual stresses and initial
imperfections. Winter proposed the following expression for estimating the plate
capacity:
(1.16)
The Winter equation should approximate the ultimate capacity of a simply supported plate
better than the von Karman equation, since the former accounts for the effects of residual
stresses and imperfections.
1.4.2 Current Navy Design Criteria
Current ship design practice for conventional hulls assumes the panels between stiffeners,
or webs, to act as individual simply supported plates, ignoring any beneficial interaction
effects among adjacent panels. Current U. S. Navy specifications (Structural Design,
1976) base the prediction of plate strength on Frankland's Equation (1940):
2.25
P
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1.25 1 a:":: .p2 (1.17)
where ~ is a coefficient that is a function of the plate width-to-thickness ratio,' modulus
of elasticity, and yield stress:
(1.18)
Equation (1.17) is an empirical equation which is based on a fit to experimental data from
tests of individual plates. Figure 1.11 shows the experimental data upon which Equation
(1.17) is based. The unloaded edges of the individual plates were simply supported, and
unconstrained from translating towards the centerline of the plate as it developed local
buckling. Furthermore, the material used for the specimens was primarily mild steel
(although some plate specimens had a yield stress of 61 ksi). In a ship hull, particularly
an advanced double hull, the edges of a plate are at least partially constrained from
translating inwards, towards its centerline, by the web plates, and therefore would develop
more postbuckling strength. In addition, each plate forming a cell of a double hull is not
simply supported, as each is joined and welded together to form the cells. Any
interaction among the plates of each cell would strengthen the weaker plates. However,
Equation (1.17) is based on a residual stress-free plate and as noted previously, residual
stresses have a tendency to soften the local stiffness of the plate, resulting in a reduced
buckling capacity. Therefore, while the application of Equation (1.17) to estimate the
capacity of each cell of double hull ship would represent a simple calculation and be
practical for design, its reliability has to be assessed because of the above noted issues
of residual stresses, constrained edges and plate interaction, and high strength steel
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affecting plate strength.
1.4.3 Finite Element Method
Nonlinear finite element analyses of the specimens were conducted by Lu (1993) using
the commercial, general-purpose computer program ADINA (Automatic Dynamic
Incremental Nonlinear Analysis) (1990). The finite element analysis, while requiring
extensive computational effort, is able to capture specimen behavior by allowing
imperfections, residual stresses, material nonlinearity, and appropriate boundary conditions
to be included in the model. Furthermore, the overall force - deformation relationship of
each specimen can be obtained. To conduct accurate analysis, appropriate specimen stress
and strain formulations need to be employed. Since stresses are dependent on strains and
strains are dependent on displacements, it was necessary to select the appropriate
displacement model. One such model was proposed by Lagrange. The Total Lagrangian
formulation relates displacements to a fixed reference frame. The model includes all
effects due to large displacements, large strains (however Green's strain was used, which
allows for small strains to exist with large deformations and rotations), and material
nonlinearity (Bathe, 1982). For modeling the specimens, it was found that four-noded
shell elements would most accurately model their deformation behavior (Lu, 1993). The
element displacement fields were modeled by Lagrangian interpolation. To characterize
the material behavior, the von Mises model was used in the analysis with a bilinear
material stress - strain curve. Since the von Mises yield criteria is associated with the
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distortion of shape, it can be used to model steel very well (Bathe, 1982). For a more
extensive explanation of the finite element methodology used for the nonlinear analysis
of the specimens see Bathe (1982) and Lu (1993).
1.5 Objectives
The advanced double hull, fabricated from HSLA steel is a relatively new concept, where
the strength and behavior of the hull and its components has not been completely
investigated. A research study was, therefore, conducted at the Center for Advanced
Technology for Large Structural Systems (ATLSS) at Lehigh University in order to assess
and develop a better understanding of the instability behavior of cellular components of
the advanced double hull. The objectives of this study were to:
(l) Investigate the residual stress patterns of cellular box sections fabricated
from HSLA 80 steel and compare them with those of mild steel;
(2) Experimentally investigate the strength and overall load - deformation
characteristics of cellular sections by assessing the effect of the number of
cells, plate width-to-thickness ratio, and overall length;
(3) Compare the experimental ultimate capacity with theoretical postbuckling
strength values predicted by empirical and numerical models.
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1.6 Scope
The study involved the experimental testing of seven specimens of cellular sections of the
advanced double hull and deck. Six of the specimens were full scale and the remaining
one was one-half scale. These seven specimens were selected in order to show the effect
of the number of cells, width-to-thickness ratio, and overall length. Testing involved
column loading, through the application of concentric axial compressive force.
The specimen force - deformation characteristics are assessed, which includes specimen
elastic stiffness, postbuckling behavior, and ultimate capacity. Strain distributions in
buckled plates is presented and discussed. Comparisons of the experimental data with
analytical strength predictions based on simple design formulas and finite element analysis
is also presented.
Following Chapter 1, a detailed description of the experimental program is given in
Chapter 2 including: a description of the test matrix, material properties, test setup,
measured data, instrumentation layout, and loading sequence. Chapter 3 documents
general observations of specimen behavior during testing. The assessment of the
experimental results and comparison with analysis is given in Chapter 4. A summary of
conclusions are stated in Chapter 5. Appendices A through D are included in this report
to provide a detailed documentation of material properties, specimen dimensions and
section properties, specimen panel numbering schemes, and load histories for each test.
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2. EXPERIMENTAL PROGRAM
2.1 General
The experimental test program was designed on the basis of obtaining information on the
axial load - axial shortening behavior of cellular box columns. The effects of plate
nominal width-to-thickness (bit) ratio, number of cells, and overall specimen length L
were considered. In order to obtain response-related data, each specimen in the test
program was extensively instrumented. This data included: axial load and axial
deformation to determine specimen load - deformation response; transverse displacement
of plates to examine local plate buckling and overall specimen transverse movement (P-O
effects); and plate strains to examine cross-sectional strain distribution.
In order that the experimental results could be properly compared with the numerical (e.g.
finite element method) and mathematical models (e.g. empirical formulas), the material
properties, as-built geometry, initial imperfections (out-of-flatness and out-of-straightness),
and fabrication residual stresses of the specimens were measured.
2.2 Specimen Test Matrix
A section of a prototype advanced double hull was fabricated by Ingalls Shipbuilding
Corporation located in Pascagoula, Mississippi, see Figure 2.1. The six full scale
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specimens were extracted from the prototype hull section. The one-half scale specimen
was fabricated separately. The extracted full scale specimens and one-half scale specimen
are shown in Figure 2.2. The specimen nomenclature is derived from the number of cells,
followed by the cell dimension in inches, and the length in feet. For example, Specimen
1-3636-10 is a single cell specimen with cell dimensions of 36 inches by 36 inches
having a length of 10 feet. The seven test specimens of the experimental program were
placed in three distinct groups: Group 1, Group 2, and Group 3. Group 1 consisted of
single cell specimens (see Figure 2.3), Group 2 of the double cell specimen (see Figure
2.4), and Group 3 of triple cell specimens (see Figure 2.5). A summary of the specimen
test matrix is given in Table 2.1.
The single cell speCImens (Specimens 1-3636-10, 1-3636-18, and 1-3636-35) had a
common nominal width-to-thickness ratio of 96 and involved lengths of 10, 18, and 35
feet, respectively. Specimen 2-3036-6 was the only double cell specimen in the test
matrix, having a maximum nominal width-to-thickness ratio of 96 and an overall length
of six feet. The three triple cells included Specimens 3-1818-6, 3-2430-6, and 3-3036-6.
They each had a common length of six feet and involved critical nominal width-to-
thickness ratios of 48, 80, and 96, respectively.
All of the specimens were fabricated from 0.375 inches thick plates made of HSLA 80
steel. Double-sided fillet welds with a 5/16 inch throat were specified in the fabrication.
The ends of each specimen were milled flat and perpendicular to their longitudinal axis
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for purposes of proper axial load alignment in the test setup.
All of the specimens, except for 1-3636-18 and the 1-3636-35, were tested as axially
loaded stub columns under fix-ended conditions. Specimens 1-3636-18 and 1-3636-35
were tested as axially loaded columns under pin-ended conditions.
2.3 Material Properties
2.3.1 Tensile Material Properties
The yield stress of the HSLA 80 steel used in the fabrication of all the specimens has a
specified minimum yield stress of 80 ksi. A testing program consisting of a total of
twelve tensile coupons was conducted to determine the actual material properties for the
full scale specimens. Six ASTM standard tensile coupons were extracted from each of
two adjacent sides of an unused single cell section (see Figure 2.2). From each of these
plates, three coupons were taken in the longitudinal direction of the rolled plate and three
were taken transverse to the rolled direction. Figure 2.6 shows where the approximate
location of the twelve tensile coupons were taken from the cell section. Since the
prototype hull section was fabricated from the same heat of plate, the twelve coupons
were considered to be representative of all full scale test specimens. The results from
these tensile tests were used in the analysis and modeling of the full scale test specimens,
as well as normalization of test data.
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For the one-half scale specimens a testing program was also conducted to determine the
actual material properties, consisting of six tensile coupons. The six ASTM standard
tensile coupons were taken from an undamaged side plate of a one-half scale specimen.
Three of the coupons were taken in the longitudinal direction of the rolled plate while the
remaining three were taken in the transverse direction to the rolled direction. Figure 2.7
shows the approximate location of these six tensile coupons. The results from these
tensile coupons were used in the analysis and modeling of the one-half scale test
specimen, in addition to normalizing the test data.
The tensile specimens were tested in accordance with the procedure described in the
Guide to Stability Design Criteria for Metal Structures, Technical Memorandum No. 7
(Galambos, 1988). A digital micrometer was used to measure the dimensions of the
coupons before testing. The 120 kip Tinius Olsen testing machine located in Fritz
Engineering Laboratory at Lehigh University was used to load the tensile specimens at
an approximate extension rate of 0.025 inches per minute. Wedge grips were used to
hold the standard flat plate specimens in place. The elongation over a six inch gage
length was measured by an extensometer containing two Linear Variable Differential
Transducers (LVDTs). This particular extensometer measured axial deformations without
including the curvature effects of the tensile specimen. The LVDT extensometer readings
and applied load were saved on a computer for later processing. Coupon load and strain
readings were taken at approximately 2 kip increments during the elastic state. However,
during the yielding state, the readings were taken at approximately 0.01 inch increments
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of coupon deformation. To obtain a static yield strength, while on the yield plateau, the
deformation was held constant for five minutes allowing the load to stabilize. This was
repeated a total of three times for each specimen, with the average of the readings
reported herein as the yield strength.
2.3.2 Tensile Coupon Results
The results of each tensile coupon test appears in Appendix A, with representative coupon
stress - strain curves shown in Figures 2.8 and 2.9 for the full and one-half scale test
specimens. A summary of the full scale and one-half scale tensile coupon test results is
given in Tables 2.2 and 2.3, respectively, where:
E = modulus of elasticity,
Esh = modulus of elasticity at the onset of strain hardening,
Csh =strain at the onset of strain hardening,
~ =strain corresponding to ultimate stress,
~ =percent of gage length elongation at fracture,
Gy = yield strength,
Gu =ultimate tensile strength.
For the full scale tensile coupons, the average measured modulus of elasticity was
31,688.9 ksi and average yield stress 87.3 ksi. The average ultimate tensile strength was
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98.1 ksi, representing a 12 percent increase in stress above the yield stress. The results
of the coupon tests from the full scale specimens also indicated that a relatively short
yield plateau existed compared to that observed in the stress - strain curves of mild steel
(see Figure 2.8). The reported average value of 31,688.9 ksi for the modulus of elasticity
is considered high relative to the typical value of 29,500 ksi and was due to extensometer
instrumentation sensitivity in the elastic strain range.
It is noted that some problems were encountered in testing coupons from the full scale
specimens, especially those taken in the transverse direction. In three of the six
transverse coupons for the full scale specimen, necking developed simultaneously in three
places along the gage length of the coupon, producing three reduced sections in the
coupon. Two of these coupons had the fracture occur outside of the marked gage length.
A similar fracture also occurred in one of the longitudinal coupons. The extensometer
readings for these specimens were considered inaccurate and the results were discarded.
For the one-half scale tensile coupons, the measured average modulus of elasticity was
31,813.9 ksi and average yield stress 80.9 ksi. The average ultimate tensile strength was
91.9 ksi, representing a 14 percent increase in stress above the yield stress. The results
of the coupon tests from the one-half scale specimens also indicated that the stress - strain
curve had a very short yield plateau compared to that observed in the stress - strain
curves of mild steel (see Figure 2.9). As in the full scale tensile coupon tests, the one-
half scale coupon tests had a high average measured modulus of elasticity due to
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extensometer sensitivity.
No major problems were encountered when testing the one-half scale coupons, all having
fractured within the prescribed gage length. Only one longitudinal coupon developed
necking and ultimately fractured just below the marked upper gage at the location where
the LVDT extensometer was mounted. These results were considered inaccurate and
discarded.
Based on the standard tensile plate coupons taken from the full scale and one-half scale
test specimens, it is apparent that these test specimens were fabricated from a different
heat of steel.
2.4 Specimen Geometrical Measurements
2.4.1 General
Measurement of the imperfections in the individual plates and overall specimen geometry
required measuring the overall actual dimensions, the out-of-flatness and the out-of-
straightness for each specimen. Out-of-flatness is defined as the local plate deviation
from being perfectly flat, while out-of-straightness is defined as the overall global column
deviation from being perfectly straight.
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2.4.2 Measured Specimen Dimensions
The overall length, width and height were measured using a tape measure having an
accuracy of 1/32 of an inch, while a digital micrometer having an accuracy of one ten-
thousandth of an inch was used to measure the plate thickness. The measured dimensions
were used in all the computations throughout the experimental program for specimen
length and determining section properties.
A summary of the measured dimensions and section properties for Specimen 1-3636-10
is provided in Table 2.4. These section properties are based on the nominal and measured
dimensions. A summary of the measured dimensions and the corresponding section
properties is given in Appendix B for each specimen. (See Rides 1993, Appendix B for
measured specimen dimensions).
2.4.3 Out-of-Flatness Measurements
The out-of-flatness readings were measured using a steel frame having a magnet attached
at each end. Along the frame, dial gages were placed at a distance of either 9.0 inches
or 4.5 inches apart depending on the face of the specimen being considered. Each
specimen was then marked with an appropriate grid of either 9.0 inches or 4.5 inches.
This frame was first placed against a milled flat surface which served as a reference line
and reference readings were taken. The frame was then placed on the edge of the
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specimen and individual readings were taken for each dial gage. The frame was moved
to the next grid location where subsequent readings were taken until the entire specimen
was measured. This data was then transferred to a computer spreadsheet program for data
reduction, where the initial reference readings were subtracted from the subsequent
readings to obtain the plate out-of-flatness.
Measured plate out-of-flatness for several speCImens are compared with empirical
proposed equations in Figure 2.10, while Figure 2.11 shows a representative out-of-
flatness profile for Specimens 1-3636-10, 1-3636-18, and 1-3636-35. The plates for the
specimens tended to bend inwards in the transverse direction as a half wave, shown
schematically in Figures 2.12 and 2.13 and noted in the out-of-flatness profiles (see
Figure 2.11). Table 2.5 provides a summary of the maximum out-of-flatness reading and
corresponding normalized values with respect to panel width b for each specimen. (See
Rides 1993, Appendix D for specimen out-of-flatness readings and results). The
maximum out-of-flatness, wO.max' ranged from 0.117 inches to 0.268 inches. The
normalized out-of-flatness, WO,ma/b, ranged from 0.0036 to 0.0074, with an average value
of 0.0063. The values for wO.max for each specimen are well within the AISC tolerance
(AISC, 1986) for HSLA steel plates, which is 0.75 inches for a plate thickness of 0.375
inches and a plate width not larger than 36 inches. These values are also within U. S.
Navy tolerances (MIL-STD-1689A (SH)), which are 0.25 inches for a plate width of 18
inches, 0.375 inches for a plate width of 24 inches, 0.5 inches for a plate width of 30
inches, and 0.625 inches for a plate width of 36 inches. In addition, the wO.max values are
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generally less than those predicted by the empirical relationships for steel plates (see
Figure 2.10).
2.4.4 Out-of-Straightness Measurements
The strength of shorter specimens was not affected by their out-of-straightness.
Therefore, out-of-straightness measurements were taken only for specimens having a
length greater than 18 feet, namely Specimens 1-3636-18 and 1-3636-35. The
measurement procedure involved using a surveying level with a tripod, in conjunction
with a leveling rod of 1/64 inch gradations. The specimen to be measured was first laid
on its side. The specimen was center-punched at approximately one foot intervals where
the flange plates intersected the exterior web plates. After setting the level by placing the
rod in a center-punched hole on the specimen, a reading was taken. By turning the
I
specimen over, readings were taken at both edges of all four sides of the specimen for the
entire length of the specimen. After including a correction factor to compensate for the
slope of the laboratory floor, the readings for the two edges were averaged to obtain a
global reading for each side of the specimen.
Table 2.6 summarizes the maximum out-of-straightness for each specimen, as well as the
maximum normalized out-of-straightness with respect to overall specimen length L. (See
Rides 1993, Appendix E for specimen out-of-straightness readings and results). The
maximum out-of-straightness, 8o,ma,' was 0.125 inches for Specimen 1-3636-18 and 0.263
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inches for Specimen 1-3636-35. The normalized out-of-straightness, oo.maxlL, for these
specimens was 0.00058 and 0.00061. As expected, the longer specimen had a greater out-
of-straightness. The maximum values are quite small relative to the overall length of each
specimen. The values for 00 max for both specimens is well within the AISC tolerance
(ArSe, 1986) for HSLA steel plates, which is 0.45 inches for an overall length of 18 feet
and 0.875 inches for an overall length of 35 feet.
2.5 Residual Stress Measurements
Residual stresses due to fabrication were measured in a single cell specimen using two
methods, namely the sectioning method in conjunction with a Whittemore gage, and in
conjunction with strain gaging. The method of sections requires that in order to minimize
end effects, the test segment should be taken from the center of the specimen and should
be 1.5 to 2.0 times the width dimension. However, because of limitations due to cell
geometry and available equipment, a segment of 17.5 inches in length and 38 inches in
width was removed from the center of an 8 foot long specimen (see Figure 2.14). This
segment was used to measure the residual stresses by cutting it into strips. Figure 2.15
shows the dissection marks and the width of the strips taken from the four sides of a cell
(Plates A, B, C, and D). Near the fillet welds, where significant stress variation is
expected, thinner strips were taken. In the regions away from the welds, where virtually
a constant stress is expected, wider strips were cut.
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Prior to cutting the segment into strips, a reference measurement was taken for each strip.
The Whittemore gage, having a nominal gage length of 10 inches, required two small
holes to be drilled in each strip of the segment. These holes were drilled 10 inches apart
and were centered in the respective strip. After drilling, the holes had to be cleaned prior
to taking measurements. A temperature reference was also used, so that any fluctuation
in the temperature of the steel would not affect the results. Three measurements were
normally taken for each strip and the average used to determine the results. However,
if the three measurements differed by more than one-thousandth of an inch, the average
of five measurements were then used. Measurements were taken on both sides of the
strip in order to measure the residual stress pattern on both sides of the plates. The
segment was then cut into strips by sawing. To reduce the effect of creating secondary
residual stresses, coolant was applied to dissipate the heat produced from the sawing
process. The sawed strips, Whittemore gage and the temperature compensation bar are
shown in Figure 2.16. After the strips were cut, a second set of measurements were taken
using the same procedure described above. The difference between these measurements
and the reference measurements provided data to determine the strain released due to
dissection. This strain represents the longitudinal residual strain, and is converted to
stress to determine the longitudinal residual stress, arCS' where:
(2.1)
in which E is the modulus of elasticity (using a theoretical value of 29,500 ksi), and Eo
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and cr are the reference strain and released final strain, respectively.
In order to check the accuracy of the Whittemore gage, the second procedure involving
strain gages was performed. Strain gages were placed on the inside and outside corner
sections of the box columns. A layout of the strain gages, in addition to the Whittemore
gage holes, and the dissection marks, are shown in Figures 2.17 and 2.18. Strain gage
readings were taken both before and after the cutting of the segment into strips, with the
difference between the two measurements giving the strain release related to longitudinal
residual stresses.
The measured longitudinal residual stress pattern based on the exterior surface
Whittemore gage and strain gage readings are shown in Figures 2.19 and 2.20,
respectively. The Whittemore gage results show a nearly constant compressive stress
distributed over the central portion of each plate with a high tensile stress existing near
the welded corners of the plates (see Figure 2.19). The results based on the strain gage
readings, shown in Figure 2.20, agree quite well with the Whittemore results. Both
resembled the residual stress pattern commonly found in box columns (see Figure 1.6).
The residual stresses based on the Whittemore gage readings for the inside surface of the
plates had no discernable pattern and were ultimately discarded. The strain gage readings
for the inside surface were found to be more consistent, agreeing reasonably well with the
external surface readings (see Figure 2.21), but having a lower residual tensile stress near
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the fillet weld.
For the Whittemore gage readings taken on the external surface of the plate, the average
measured tensile stress one inch away from the comers of the cell, where the middle of
the edge strip existed, was 57 percent of the steel yield stress. Along the center portion
of each plate, the compressive stress ranged from 4 percent to 17 percent of the yield
stress of the steel. The strain gage readings for both the internal and external faces
indicated an average stress of 32 percent and 56 percent, respectively, of the given steel
yield stress in tension one inch away from the comers, with a range of 3 percent to 9
percent of the steel yield stress for the maximum compressive residual stresses.
The measured longitudinal residual stress patterns from the Whittemore gage were
analyzed and compared to those previously measured in cellular box sections. The
procedure of determining the idealized stress block involving 11, arc' and a y was followed
(see Chapter I). Table 2.7 summarizes the results for arc and the 11 values for Plates A,
B, C, and D. Figure 2.22 shows the average idealized longitudinal residual stress pattern
for the Plate A. The average measured value for the residual compressive stress arc
among all four plates was found to be 7.80 ksi and the average value of 11 approximately
3.82. This average value for 11 agreed with that reported earlier by Faulkner (1975) and
Ostapenko (1985). Overall, based on the 11 values determined from measured arc stresses
and an assumed residual stress of ay at the weld, the idealized residual stress pattern is
similar in nature to previously reported data.
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2.6 Test Configuration
The experimental testing configuration for the column tests consisted of pin-ended and
fix-ended specimens. These test setup configurations are shown schematically in Figures
2.23 and 2.24.
Specimens 1-3636-18 and 1-3636-35, which were tested in the pin-ended configuration,
were placed in the testing machine such that the axis which had the maximum out-of-
straightness coincided with the rotational axis of the cylindrical bearings. Milled end
plates were fillet welded to the ends of the specimen and then the plates were bolted to
the cylindrical bearing fixtures. Figure 2.25 shows a photograph of the pin-ended testing
configuration for Specimen 1-3636-18. A thin layer of Hydrostone was placed between
the bearings and the head as well as the floor of the testing machine.
All of the 6 foot long specimens and the remaining single cell, Specimen 1-3636-10, were
tested in the fix-ended configuration. Milled end plates of 2 inch thickness were placed
at each end of the specimens. A thin copper sheet was inserted between the milled end
plate and the floor, as well as the test machine head, to assist in uniformly distributing
the axial load over the cross section of the stub test specimens. In addition, a thin layer
of Hydrostone was placed between the top end plate and the test machine head as well
as between the bottom end plate and the floor of the test machine. Figure 2.26 shows a
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photograph of the fix-ended test configuration for Specimen 1-3636-10. For Specimen
3-3036-6, which extended beyond the width of the test machine head, two spreader beams
were used in order to distribute the axial load uniformly over the cross section of the
specimen. Figure 2.27 shows a photograph of the test configuration for Specimen 3-3036-
6.
2.7 Instrumentation Details
Strains were measured during testing using uniaxial strain gages and stacked rosette strain
gages. Both strain gage types were manufactured by Measurements Group, Incorporated,
having a maximum strain limit of 10,000 microstrain (~£). Linear Variable Differential
Transducers (LVDTs) were used to measure the displacements and the axial shortening
of the test specimens. These were type 2000DC-E, manufactured by Lucas Shaevitz, and
contained a maximum stroke of positive or negative 2.0 inches. In order to measure the
axial load and the overall head travel during testing, voltage output signals from the load
cells of the Universal Testing Machine and displacement transducers were used. Tilt
meters manufactured by Sperry Corporation were utilized to measure the end rotation of
Specimen 1-3636-35.
A Megadac 2300C Data Acquisition System in conjunction with the OPUS 2000 Software
Package, both manufactured by Optim Electronics Corporation, was used to collect the
data at each load step. The data acquisition system was connected to an IBM compatible
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Zenith 386 Computer. The data was collected and stored on the Zenith 40 megabyte hard
drive. The data was later processed where the average of three readings for each load
step was performed to eliminate random noise in the measurements.
The LVDTs and strain gages for the specimen were typically concentrated near midheight
of each test specimen where deformations due to local buckling were expected to be most
significant. Tables 2.8 and 2.9 provide a summary of the LVDT and strain gage
instrumentation scheme, respectively, for each specimen. A schematic of the numbering
scheme and orientation of panels for each specimen is given in Appendix C. The gage
levels referred to in Tables 2.8 and 2.9 are referenced from the bottom of each specimen.
Figure 2.28 provides an example of the strain gage plan for the exterior side of the East
face of Specimen 2-3036-6. A photograph of this typical instrumentation layout is given
in Figure 2.29.
As indicated in Tables 2.8 and 2.9, typically, for the shorter specimens, three horizontal
rows of instrumentation were used. The top and bottom rows consisted of five strain
gages and five LVDTs across each panel width, while the center row consisted of either
three or five strain gages and LVDTs across each panel width. The use of a series of
LVDTs in each row of instrumentation allowed the local plate distortion normal to the
surface of the plate to be monitored due to local buckling. For the longer, specimens
additional rows of instrumentation were used in an attempt to monitor the overall
specimen movement. Assuming the test specimens would develop local buckling
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symmetrically about the axis of symmetry of the cross section, the instrumentation was
not mounted on all panels of the test specimens.
2.8 Loading Sequence
The test specimens were initially loaded to 7 ksi and axial strain readings taken to check
for proper alignment under axial loading. The average strain readings across the faces
of the specimen were compared to each other. If each face was within five percent of the
overall average, the test specimen was considered to be aligned. Otherwise, in the fix-
ended specimens shims were used to improve the alignment, which was then checked
after each shinmling operation. For the pin-ended specimens, wedges in the cylindrical
bearings were adjusted until a concentric axial load was achieved.
The load sequence for each speCImen involved applying several cycles of axial
compressive loading at a rate which ranged from 80 to 120 kips per minute. Table 2.10
summarizes the loading history in terms of the maximum load for each cycle of the tests.
After initial cycles of lower magnitudes of axial load, each test specimen was loaded to
its maximum axial load. Upon achieving maximum load, axial deformation was
continued until the specimen had reached a prescribed axial deformation. The applied
load was then removed from the specimen. In some of the specimens instead of
completely unloading, a small magnitude of axial load was left on the specimen and axial
loading was subsequently reapplied in order to achieve targeted axial deformations and
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more extensively examine postfailure behavior. Figure 2.30 shows the load step sequence
for Specimen 1-3636-10 which produced the axial load - axial deformation relationship
·1
shown in Figure 2.31. Figures showing the load steps for each specimen are given in
Appendix D.
The axial load P in Figure 2.31 has been normalized by the axial yield strength Py' where
the ratio PlPy is equivalent to the ratio of average stress / yield stress. Similarly, the axial
shortening L1 has been normalized by its axial yield deformation ~, where the ratio NL1y
is equivalent to the ratio e/ey, indicated in the figures representing average strain / yield
strain. Throughout this study, specimen axial load - axial shortening relationships will
be presented in this manner.
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3. TEST SPECIMEN OBSERVATIONS
3.1 Specimen 1-3636-10
3.1.1 General
Specimen 1-3636-10 represented a full scale column test with fix-ended boundary
conditions. An access hole existed, which was filled by a tack welded plate. The test
specimen consisted of a single cell of 36 inches by 36 inches. Thus, the nominal width-
to-thickness ratio (bit) was equal to 96. The overall length measured 122.5 inches.
Figure 3.1 shows a West view of the initial test configuration for Specimen 1-3636-10.
A schematic showing the numbering and orientation of the four panels is given in
Appendix C. Panel 1 appears on the South face, with the remaining panels being
consecutively numbered in a counterclockwise manner.
Figure 3.2 shows a photograph of some of the instrumentation for Specimen 1-3636-10.
See Tables 2.8 and 2.9 for the instrumentation details for Specimen 1-3636-10. In
addition to the transverse LVOTs, indicated in Table 2.8, one LVOT was placed to
measure the overall vertical axial shortening, while an additional four LVOTs were placed
at the corners of the specimen over a 36 inch section, centered at midheight, to also
measure axial shortening. A voltage transducer from the Universal Testing Machine was
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used to measure the applied axial load and a separate transducer used to measure the head
displacement of the overhead test machine.
3.1.2 Compression Test
The test involved subjecting the specimen to five cycles of axial loading, as indicated
previously in Table 2.10 and Appendix D. The average of three data samples was taken
every minute. The normalized axial load-axial shortening relationship for all five cycles
is shown in Figure 3.3.
Cycle 1 involved applying an axial load of 900 kips (0.18Py), at a rate of 80 kips per
minute. Local buckling patterns were visible on all four faces when the axial load
reached approximately 800 kips (P = O.l6Py)' The wave pattern consisted of one and
one-half full waves vertically and one-half wave length horizontally on all four faces of
the test specimen. The wavelengths in the vertical direction were approximately the same
as in the horizontal direction. The observed buckling configuration for the specimen is
sketched in Figure 3.4. The axial load - local out-of-plane plate displacement (P-w)
relationships for Cycle 4 are shown in Figures 3.5 and 3.6 for two adjacent panels (Panels
1 and 2). The w measurements were taken at rnidheight of the specimen. While Figures
3.5 and 3.6 correspond to Cycle 4, the P-w behavior during Cycle I was nearly identical
to that in Cycle 4 up to a stress corresponding to a load of P = O.06Py • A reduced
stiffness is shown to occur at a load of approximately 0.06Py , corresponding to 300 kips
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of axial load. This change in stiffness is an indication of initial local plate buckling.
Local buckling patterns vanished upon unloading the specimen to zero load, indicating
elastic buckling. A slight nonuniformity in the longitudinal strain distribution began to
appear in all four panels at P = 0.06Py, also giving an indication of the onset of local
plate buckling.
During Cycle 2, the specimen was axially loaded to 1,200 kips (0.24Py)' At 300 kips
(0.06Py), local plate buckling reappeared with a slightly reduced stiffness occurring in the
axial load - axial shortening relationship at 1,000 kips (0.20Py)' At 1,200 kips (0.24P),
there was noticeable local buckling, which caused a wavy pattern similar to that observed
in Cycle 1 on all four faces of the specimen. Once again, a slight nonuniformity in the
longitudinal strain distribution began to appear in each panel.
During Cycle 3, the specimen was loaded to 1,500 kips (0.30P). While holding the load
at 1,500 kips (0.30Py), the instrumentation indicated that the maximum out-of-plane
deflection (transverse displacement w) of the plates was approximately 0.92 inches. After
unloading, a straight edge was placed against the specimen where it was found that 1/8
inch of out-of-plane residual deflection had developed in the plates.
In Cycle 4, the specimen was loaded to ultimate load. At 1,886 kips (0.369P), the axial
load - axial shortening curve became horizontal, thus indicating that the maximum load
was reached (see Figure 3.3). This occurred at an axial shortening of 1.29 times the yield
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( shortening, L\,. The yield shortening l1y is defined as the axial shortening developed if
the specimen were to yield under axial load without buckling. The P-w relationships
shown in Figures 3.5 and 3.6 also indicate a complete loss of stiffness near peak load.
There was a considerable nonuniform longitudinal strain distribution in the plates, with
a greater compressive strain developing near the edges of each panel. The reserve
strength of ama/aa was equal to 6.2, where amax is the maximum stress at failure and aa
is the stress at initial buckling. Upon continuing the axial deformation to 2.4l1y'
corresponding to an axial load of 1,500 kips, the tack welds in the plate filling the access
hole developed cracks. The specimen was then completely unloaded, where a pronounced
buckling pattern remained on all faces.
In the final cycle of loading, Cycle 5, the specimen was subjected to an additional
shortening up to 4.0L\.. Upon reloading, the peak load of 1,475 kips (0.29Py) was attained
before the axial load - axial shortening curve continued to decline (see Figure 3.3). After
reaching the prescribed deformation of 4.0L\" corresponding to an axial load of 1,190
kips, the specimen was unloaded. Figure 3.7 shows a photograph of the final overall
specimen deformation at 4.0L\,.
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3.2 Specimen 1-3636-18
3.2.1 General
Specimen 1-3636-18 represented a full scale column test with pin-ended boundary
conditions. The test specimen consisted of a single cell of 36 inches by 36 inches. Thus,
the nominal width-to-thickness ratio (bit) was equal to 96. The overall length measured
216.0 inches.
Figure 3.8 shows a West view of the initial test configuration for Specimen 1-3636-18.
A schematic showing the numbering and orientation of the four panels is given in
Appendix C. Panel 1 appears on the South face, with remaining the panels being
consecutively numbered in a counterclockwise manner.
Figure 3.9 shows a photograph of some of the instrumentation for Specimen 1-3636-18.
See Tables 2.8 and 2.9 for the instrumentation details for Specimen 1-3636-18. In
addition to the transverse LVDTs, indicated in Table 2.8, four LVDTs were placed at the
corners of the specimen to measure the overall vertical axial shortening, while an
additional four LVDTs were placed directly above them, centered at midheight, to
measure the axial shortening that would take place over a 36 inch length. A voltage
transducer from the Universal Testing Machine was used to measure the applied axial
load and a separate transducer was used to measure the head displacement.
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3.2.2 Compression Test
The test involved subjecting the speClmen to five cycles of axial loading, as noted
previously in Table 2.10 and Appendix D. The average of three data samples was taken
every minute. The normalized axial load-axial shortening relationship for the five cycles
is shown in Figure 3.10.
Cycle I involved applying an axial load of 788 kips (0.16Py), at a rate of 80 kips per
minute. Local buckling patterns were visible on all four faces when the axial load
reached approximately 325 kips (0.06P). The wave pattern consisted of three full waves
vertically and one-half wave horizontally on all four faces of the test specimen. The
wavelengths in the vertical direction were approximately the same as in the horizontal
direction. The observed buckling configuration for the specimen is sketched in Figure
3.11. The axial load - local out-of-plane plate displacement (P-w) relationship for Cycle
3 is shown in Figure 3.12 for Panel 2. The w measurements were taken at midheight of
the specimen. While Figure 3.12 corresponds to Cycle 3, the P-w behavior during Cycle
I was nearly identical to that in Cycle 3 up to a stress corresponding to a load of 0.16Py.
A reduced stiffness is shown to occur at a stress of 0.050"y, corresponding to 266 kips of
axial load. This change in stiffness is an indication of initial local plate buckling. A
slight nonuniformity in the longitudinal strain distribution began to appear in each panel,
also giving an indication of the onset of local plate buckling. The specimen was then
unloaded to 200 kips (0.04Py), where the strain gages returned to their original values
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within 20 microstrain and the displacement to within 0.03 inches. Local buckling patterns
vanished upon unloading, indicating elastic buckling. Figure 3.13 shows a photograph
of the formulation of the local buckling of Specimen 1-3636-18 at P = 788 kips.
During Cycle 2, the specimen was axially loaded from 200 kips (0.04Py) to 788 kips
(0.16Py) and unloaded back to 200 kips (0.04Py). Behavior similar to that observed in
Cycle I occurred in Cycle 2, where the local buckling became visibly evident at
approximately 325 kips (0.06Py)' At 788 kips (0. 16P), the full wavelength of the buckle
was measured to be approximately 61 inches near midheight. Once again, a slight
nonuniformity in the longitudinal strain distribution began to appear in all four panels.
The strain gages returned to their original values within 30 microstrain and the
displacement within 0.03 inches.
In Cycle 3, the specimen was loaded to ultimate load. At 1,807 kips (0,358Py) the axial
load-axial shortening curve became horizontal, thus indicating that the maximum load was
reached (see Figure 3.10). After reaching the ultimate load, a drop of the load occurred
at an axial shortening of 1.03 times the yield shortening, l1y• The P-w relationship shown
in Figure 3.12 also indicates a complete loss of stiffness near peak load. There was a
considerable nonuniform longitudinal strain distribution in the plates, with a greater
compressive strain developing near the edges of each panel. The reserve strength of
ama/aa =6.8, where a ma, is the maximum stress at failure and aa is the stress at initial
buckling. The loading continued until an overall axial shortening of 1.15 inches (1.81~)
43
was reached, corresponding to an axial load of 985 kips, P =0.192Py' At this point there
was a bottom end plate rotation of 1.6 degrees, providing noticeable evidence of the
interaction between global P-D buckling and local plate buckling. The specimen was
unloaded to 200 kips (0.04Py).
During Cycle 4, the specimen was loaded from 200 kips (0.04Py) to obtain an overall
axial shortening of 2.5 inches (3.92L\) Upon reloading, the peak: load of 973 kips
(0.19Py) was attained before the axial load - axial shortening curve continued to decline
(see Figure 3.10). After reaching the prescribed deformation of 3.921\, the load was 406
kips (0.08Py) and the bottom end plate rotation was 5.4 degrees. During the unloading
phase, to 200 kips (0.04Py), there were sharp pings and groaning noises.
In the final cycle of loading, Cycle 5, the specimen was loaded from 200 kips (0.04Py)
to achieve an overall axial shortening of 2.7 inches (4.26Ll). Upon reloading, the peak
load was 417 kips (0.08Py) with a corresponding base plate rotation of 6.7 degrees.
Continued deformation resulted in a deterioration of specimen capacity. Figure 3.14
shows a photograph of the large curvature and severe buckling at midheight existing in
Specimen 1-3636-18 following the test.
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3.3 Specimen 1-3636-35
3.3.1 General
Specimen 1-3636-35 represented a full scale column test with pin-ended boundary
conditions. An access hole existed, which was filled by a tack welded plate. The test
specimen consisted of a single cell of 36 inches by 36 inches. Thus, the nominal width-
to-thickness ratio (bit) was equal to 96. The overall length measured 420 inches.
Figure 3.15 shows a West view of the initial test configuration for Specimen 1-3636-35.
A schematic showing the numbering and orientation of the four panels is given in
Appendix C. Panel 1 appears on the South face, with the remaining panels being
consecutively numbered in a counterclockwise manner.
Figure 3.16 shows a photograph of some of the instrumentation for Specimen 1-3636-35.
See Tables 2.8 and 2.9 for the instrumentation details for Specimen 1-3636-35. In
addition to the transverse LVDTs, indicated in Table 2.8, four LVDTs were placed at the
corners of the specimen to measure the overall vertical axial shortening while an
additional four LVDTs were placed directly above them, centered at midheight, to
measure the axial shortening that would take place over a 36 inch length. A voltage
transducer from the Universal Testing Machine was used to measure the applied axial
load and a separate transducer was used to measure the head displacement. Two rotation
45
meters were used to measure the end rotation of the specimen.
3.3.2 Compression Test
The test involved subjecting the specimen to three cycles of axial loading, as noted
previously in Table 2.10 and Appendix D. The average of three data samples was taken
every minute. The normalized axial load-axial shortening relationship for all three cycles
is shown in Figure 3.17.
Cycle 1 involved applying an axial load of 872 kips (0.17Py), at a rate of 120 kips per
minute. Local buckling patterns were visible on all four faces when the axial load
reached approximately 450 kips (0.09Py). Equal wavelengths developed in the vertical
and horizontal directions, resulting in a wave pattern of six full waves vertically and one-
half wave horizontally on all four faces of the test specimen. The observed buckling
configuration for the specimen is sketched in Figure 3.18. The axial load - local out-of-
plane plate displacement (P-w) relationship for all loading cycles is shown in Figure 3.19
for Panel 1. The w measurements were taken at midheight of the specimen. A reduced
stiffness is shown to occur at a stress of 0.04<Jy corresponding to 178 kips (0.04Py) of
axial load. This change in stiffness is an indication of initial local plate buckling. A
slight nonuniformity in the longitudinal strain distribution began to appear in each panel,
also giving an indication of the onset of local plate buckling. Figures 3.20 and 3.21 show
photographs of the formulation of the local buckling of Specimen 1-3636-35 at P = 872
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kips, corresponding to P = O.17Py•
During Cycle 2, the specimen was axially loaded from 200 kips (0.04Py) to 872 kips
(0.17Py) and unloaded back to 200 kips (O.04Py). Behavior similar to Cycle 1 was
observed, where the local buckling became visibly evident at approximately 375 kips
(0.07Py). At 872 kips (O.16P), the full wavelength of the buckle was measured to be 68
inches (172.7 cm) with an out-of-plane amplitude w of 0.5 inches. Once again, a slight
nonuniformity in the longitudinal strain distribution began to appear in all four panels.
In Cycle 3, the specimen was loaded to ultimate load. At 1,781 kips (O.353Py) the axial
load-axial shortening curve became horizontal, thus indicating that the maximum load was
reached (see Figure 3.17). Upon reaching the ultimate load, two 48 inch long vertical
weld tears suddenly occurred on the West face of the specimen at midheight. This
dynamic failure forced the specimen off of the cylindrical bearings, therefore not enabling
further testing of the specimen. Figure 3.22 shows a close up of the vertical weld tears
which occurred. After examining the welds following the test, the specimen was found
to have fillet welds on only the exterior of the specimen on the West face, with the East
face having both interior and exterior fillet welds. The design called for 5/16 inch fillet
welds on both the interior and exterior surfaces. The failed exterior welds were examined
and their quality and size were rendered adequate. The P-w relationship shown in Figure
3.19 indicates a complete loss of stiffness near peak load. There was a considerable
nonuniform longitudinal strain distribution in the plates, with a greater compressive strain
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developing near the edges of each panel. The reserve strength of ama/aa was equal to
10.0, where a max is the maximum stress at failure and aa is the stress at initial buckling.
Figure 3.23 shows a photograph of the curvature existing in Specimen 1-3636-35 and its
displacement off of the cylindrical bearing floor following the test.
3.4 Specimen 2-3036-6
3.4.1 General
Specimen 2-3036-6 represented a full scale column test with fix-ended boundary
conditions. The test specimen consisted of two cells of 30 inches by 36 inches. Thus,
the critical nominal width-to-thickness ratio (bit) among the plates was equal to 96. The
overall length measured 71.75 inches.
Figure 3.24 shows a Northwest view of the initial test configuration for Specimen 2-3036-
6. A schematic showing the numbering and orientation of the six panels is given in
Appendix C. Panels 1 and 2 appear on the South face from West to East, with the
remaining panels being consecutively numbered in a counterclockwise manner. The
North and South panels each had a width-to-thickness ratio of 96.
Figure 3.25 shows a photograph of some of the instrumentation for Specimen 2-3036-6.
Tables 2.8 and 2.9 summarize the instrumentation details for Specimen 2-3036-6. In
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addition to the transverse LVOTs, indicated in Table 2.8, one LVOT was placed to
measure the overall vertical axial shortening, while an additional four LVOTs were placed
at the corners of the specimen, centered at midheight, to measure the axial shortening
over a 24 inch length. A voltage transducer from the Universal Testing Machine was
used to measure the applied axial load and a separaty transducer was used to measure the
head displacement.
3.4.2 Compression Test
The test involved subjecting the specImen to four cycles of axial loading as noted
previously in Table 2.10 and Appendix o. The average of three data samples was taken
each minute. The normalized axial load-axial shortening relationship for all four cycles
is shown in Figure 3.26.
Cycle I involved applying an axial load of 1,500 kips (O.l9Py), at a rate of 100 kips per
minute. Local buckling patterns were visible on all four faces when the axial load
reached approximately 1,350 kips (0. l7Py). Equal wavelengths developed over the height
and width of the specimen, where the wave pattern consisted of one full wave vertically
along with one full wave horizontally across the North and South faces, with a one-half
wave horizontally across the East and West faces. The observed buckling configuration
for the specimen is sketched in Figure 3.27. The axial load - local out-of-plane plate
displacement (P-w) relationship for Cycle 4 is shown in Figure 3.28 for Panel 3. The w
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measurements were taken at midheight of the specimen. While Figure 3.28 corresponds
to Cycle 4, the P-w behavior during Cycle 1 was nearly identical to that in Cycle 4 up
to a stress corresponding to a load of 0.09Py. A change in direction in transverse plate
displacement is shown to occur at a stress of approximately 0.090'y corresponding to 752
kips of axial load (P = 0.09P). This phenomenon, representing a change in stiffness, is
an indication of initial local plate buckling. Local buckling patterns vanished upon
unloading to zero load, indicating elastic buckling. A slight nonuniformity in the
longitudinal strain distribution began to appear in each panel at,an axial load of 752 kips,
also giving an indication of the onset of local plate buckling.
During Cycle 2, the specimen was axially loaded to 2,000 kips (0.25P). At 2,000 kips
(0.25Py) there was noticeable local buckling, which caused a wavy pattern similar to that
observed in Cycle I on all four faces of the specimen. The nonuniformity in the
longitudinal strain distribution was more pronounced in each panel. Upon unloading to
zero load, there was no noticeable change in the shape of the specimen with respect to
its original pretest configuration.
During Cycle 3, the specimen was loaded to 2,500 kips (0.31Py)' While holding the load
at 2,500 kips (0.31Py), it was noticed that the maximum out-of-plane deflection of the
plates was more pronounced than in the previous cycles. After unloading to zero load,
there was no out-of-plane residual deflection in the plates.
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In Cycle 4, the specimen was loaded to ultimate load. At 3,386 kips (0.420Py) the axial
load-axial shortening curve became horizontal, thus indicating that the maximum load was
reached (see Figure 3.26). This occurred at an axial shortening of 1.02 times the yield
shortening,~. The P-w relationship shown in Figure 3.28 also indicates a complete loss
of stiffness near peak load. At the peak load there existed a considerable amount of
nonuniform longitudinal strain distribution in the plates, with a greater compressive strain
developing near the edges of each panel. The reserve strength of crrna/crawas determined
to be 4.5, where crrnax is the maximum stress at failure and cra is the stress at initial
buckling. With continued axial deformation imposed, the capacity of the specimen
deteriorated. Upon reaching the deformation of 11.0L\, corresponding to an axial load
of 1,062 kips (O.13Py), the specimen was unloaded. Figure 3.29 shows a photograph of
the final overall specimen deformation at 11.OL\.
3.5 Specimen 3-1818-6
3.5.1 General
Specimen 3-1818-6 represented a one-half scale column test with fix-ended boundary
conditions. The test specimen consisted of three cells of 18 inches by 18 inches. Thus,
the nominal width-to-thickness ratio (bit) was equal to 48. The overall length measured
74.5 inches.
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Figure 3.30 shows a Southwest view of the initial test configuration for Specimen 3-1818-
6. A schematic showing the numbering and orientation of the eight panels is given in
Appendix C. Panels 1, 2 and 3 appear on the South face from West to East, with the
remaining panels being consecutively numbered in a counterclockwise manner.
Some of the instrumentation for Specimen 3-1818-6 is shown in Figure 3.31. The
instrumentation details for Specimen 3-1818-6 are given in Tables 2.8 and 2.9. In
addition to the transverse LVDTs, indicated in Table 2.8, one LVDT was placed to
measure the overall vertical axial shortening, while an additional four L VDTs were placed
at the comers of the specimen, centered at midheight, to measure axial shortening over
a 68.5 inch length. A voltage transducer from the Universal Testing Machine was used
to measure the applied axial load and a separate transducer to measure the head
displacement.
3.5.2 Compression Test
The test involved subjecting the specimen to four cycles of axial loading as noted
previously in Table 2.10 and Appendix D. The average of three data samples was taken
each minute. The normalized axial load-axial shortening relationship for all four cycles
is shown in Figure 3.32.
Cycle 1 involved applying an axial load of 2,315 kips (0.40P), at a rate of 100 kips per
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minute. Local buckling patterns were visible on all four faces when the axial load
reached approximately 2,000 kips (0.34Py)' The wave pattern consisted of two full waves
vertically along with one and one-half full waves horizontally across the North and South
faces and one-half wave horizontally across the East and West faces. As in the other
specimens, the wavelengths in the vertical direction were approximately the same as in
the horizontal direction. The observed buckling configuration for the specimen is
sketched in Figure 3.33. The axial load - local out-of-plane plate displacement (P-w)
relationships for Cycle 4 are shown in Figures 3.34 and 3.35 for Panels 1 and 4. The w
measurements were taken at midheight of the specimen. While Figures 3.34 and 3.35
correspond to Cycle 4, the P-w behavior during Cycle 1 was nearly identical to that in
Cycle 4 up to a stress of OAOay• A reduced stiffness is shown to occur at a stress of
approximately 0.38ay, corresponding to 2,213 kips (0.38Py) of axial load. This change
in stiffness is an indication of initial local plate buckling. Local buckling patterns
vanished upon unloading the specimen to zero load, indicating elastic buckling. A slight
nonuniformity in the longitudinal strain distribution began to appear in all eight panels,
also giving an indication of the onset of local plate buckling.
During Cycle 2, the specimen was axially loaded to 3,000 kips (0.51Py). At this load,
there was noticeable local buckling, which caused a wavy pattern similar to that observed
in Cycle 1 on all four faces of the specimen. A more pronounced nonuniformity in the
longitudinal strain distribution began to appear in all the panels. Upon unloading to zero
load, there was no noticeable change in the shape of the specimen.
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During Cycle 3, the specimen was loaded to 3,875 kips (O.66Py). While holding the load
at this level, it was noticed that the maximum out-of-plane deflection w of the plates
became more pronounced and that the strain gage readings were fluctuating rapidly.
Figure 3.36 shows a photograph of the formulation of the local buckling of Specimen 3-
1818-6 at P =3,875 kips. After unloading to zero load, the wavy pattern disappeared and
there was no visible out-of-plane residual deflection in the plates.
In Cycle 4, the specimen was loaded to ultimate load. At 4,424 kips (O.752Py) the axial
load-axial shortening curve became horizontal, thus indicating that the maximum load was
reached (see Figure 3.32). This occurred at an axial shortening of O.88L\,. The P-w
relationships shown in Figures 3.34 and 3.35 also indicate a complete loss of stiffness
near peak load. At peak load, there was a considerable nonuniform longitudinal strain
distribution in the plates, with a greater compressive strain developing near the edges of
each panel. The reserve strength of am"/a,, was equal to 2.0, where am"x is the maximum
stress at failure and a" is the stress at the axial deformation initial buckling. Upon
continuing the axial deformation, the capacity of the specimen deteriorated. At an axial
deformation of 2.IL1y, corresponding to an axial load of 3,400 kips, the specimen was
completely unloaded, where a pronounced buckling pattern remained on all faces. Figure
3.37 shows a photograph of the final overall specimen deformation at 2.1L\,.
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3.6 Specimen 3-2430-6
3.6.1 General
Specimen 3-2430-6 represented a full scale column test with fix-ended boundary
conditions. The test specimen consisted of three cells of 24 inches by 30 inches. Thus,
the critical nominal width-to-thickness ratio (bit) among the plates was equal to 80. The
overall length measured 71.75 inches.
A schematic showing the numbering and orientation of the eight panels is gIven III
Appendix C. Panels 1, 2, and 3 appear on the South face from West to East, with the
remaining panels being consecutively numbered in a counterclockwise manner. The East
and West panels each had a width-to-thickness ratio of 80.
The instrumentation details for Specimen 3-2430-6 are given in Tables 2.8 and 2.9. In
addition to the transverse LVDTs, indicated in Table 2.8, two LVDTs were placed to
measure the overall vertical axial shortening, while an additional four LVDTs were placed
at the corners of the specimen, centered at midheight, to measure axial shortening over
a 40 inch length. A voltage transducer from the Universal Testing Machine was used to
measure the applied axial load and a separate transducer was used to measure the head
displacement.
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3.6.2 Compression Test
The test involved subjecting the specimen to four cycles of axial loading, as noted
previously in Table 2.10 and Appendix D. The average of three data samples was taken
each minute. The normalized axial load-axial shortening relationship for all four cycles
is shown in Figure 3.38.
Cycle 1 involved applying an axial load of 2,250 kips (0.25P), at a rate of 100 kips per
minute. Local buckling patterns were visible on all four faces when the axial load
reached approximately 1,300 kips (0.14Py)' The wave pattern consisted of one and one-
half full waves vertically along with one and one-half full waves horizontally across the
North and South faces, and one-half wave horizontally across the East and West faces.
The wavelengths in the vertical direction were approximately the same as in the
horizontal direction. The observed buckling configuration for the specimen is sketched
in Figure 3.39. The axial load - local out-of-plane plate displacement (P-w) relationships
for Cycle 4 are shown in Figures 3040 and 3041 for Panels 3 and 4. The w measurements
were taken at midheight of the specimen. While Figures 3.40 and 3Al correspond to
Cycle 4, the P-w behavior during Cycle 1 was nearly identical to that in Cycle 4 up to
a stress corresponding to a load of 0.25Py. A reduced stiffness is shown to occur at a
stress of approximately 0.120"y, corresponding to 1,120 kips (0.12Py) of axial load. This
change in stiffness is an indication of initial local plate buckling. A slight nonuniformity
in the longitudinal strain distribution began to appear in each panel at P = 0.08Py, also
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giving an indication of the onset of local plate buckling. Local buckling patterns vanished
upon unloading the specimen to zero load, indicating elastic buckling.
During Cycle 2, the specimen was axially loaded to 3,000 kips (0.33Py)' At this load,
there was noticeable local buckling, which caused a wavy pattern similar to that observed
in Cycle 1 on all four faces of the specimen. A more pronounced nonuniformity in the
longitudinal strain distribution began to appear in all eight panels. Upon unloading to
zero load, there was no noticeable change in the shape of the specimen.
During Cycle 3, the specimen was loaded to 3,750 kips (OAIPy)' While holding the load
at this level, it was noticed that the maximum out-of-plane deflection w of the plates
became more pronounced and remained visible after unloading to zero load.
In Cycle 4, the specimen was loaded to ultimate load. At 4,361 kips (OA79Py) the
maximum load was reached (see Figure 3.38). This occurred at an axial shortening of
0.56L\. The P-w relationships shown in Figures 3AO and 3.41 also indicate a complete
loss of stiffness near peak load. There was a considerable nonuniform longitudinal strain
distribution in the plates, with a greater compressive strain developing near the edges of
each panel. The reserve strength of (Jrna/(Ja was equal to 3.9, where (Jmax is the maximum
stress at failure and (J" is the stress at initial buckling. Upon continuing the axial
deformation to 17.5"\" corresponding to an axial load of 1,730 kips, the strength of the
specimen deteriorated. At the deformation of 17.5"\" the specimen was completely
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unloaded, where a pronounced buckling pattern remained on all faces. Figure 3.42 shows
a photograph of the final overall specimen deformation at the axial deformation of 17.5L\..
3.7 Specimen 3-3036-6
3.7.1 General
Specimen 3-3036-6 represented a full scale column test with fix-ended boundary
conditions. The test specimen consisted of three cells of 30 inches by 36 inches. Thus,
the critical nominal width-to-thickness ratio (bit) among the panels was equal to 96. The
overall length measured 71.875 inches.
Figure 3.43 shows a Southwest view of the initial test configuration for Specimen 3-3036-
6. A schematic showing the numbering and orientation of the eight panels is given in
Appendix C. Panels 1, 2, and 3 appear on the South face from West to East, with the
remaining panels being consecutively numbered in a counterclockwise manner. The
North and South panels each had a width-to-thickness ratio of 96.
Figure 3.44 shows a photograph of some of the instrumentation for Specimen 3-3036-6.
See Tables 2.8 and 2.9 for the instrumentation details for Specimen 3-3036-6. In addition
to the transverse LVOTs, indicated in Table 2.8, two LVOTs were placed to measure the
overall vertical axial shortening, while an additional four LVOTs were placed at the
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corners of the specimen, centered at midheight, to measure axial shortening over a 24
inch length. A voltage transducer from the Universal Testing Machine was used to
measure the applied axial load and a separate transducer was used to measure the head
displacement.
3.7.2 Compression Test
The test involved subjecting the specImen to four cycles of axial loading, as noted
previously in Table 2.10 and Appendix D. The average of three data samples was taken
each minute. The normalized axial load-axial shortening relationship for all four cycles
is shown in Figure 3.45.
Cycle 1 involved applying an axial load of 2,250 kips (0.20Py), at a rate of 120 kips per
minute. Local buckling patterns were visible on all four faces when the axial load
reached approximately 1,900 kips (0. 17Py). The wave pattern consisted of one and one-
half full wavelengths vertically along with one and one-half full waves horizontally across
the North and South faces, and a one-half wave horizontally across the East and West
faces. The wavelengths in the vertical direction were approximately the same as in the
horizontal direction. The observed buckling configuration for the specimen is sketched
in Figure 3.46. The axial load - local out-of-plane plate displacement (P-w) relationships
for Cycle 4 are shown are Figures 3.47 and 3.48 for Panels 3 and 4. The w
measurements were taken at midheight of the specimen. While Figures 3.47 and 3.48
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correspond to Cycle 4, the P-w behavior during Cycle 1 was nearly identical to that in
Cycle 4 up to a stress of 0.20<Jy • A reduced stiffness is shown to occur at a stress of
approximately O.l2<Jy , corresponding to 1,370 kips of axial load, P =O.l2Py • This change
in stiffness is an indication of initial local plate buckling. A slight nonuniformity in the
longitudinal strain distribution began to appear in each panel, at P =0.12Py, also giving
an indication of the onset of local plate buckling. Local buckling patterns vanished upon
unloading the specimen to zero load, indicating elastic buckling.
During Cycle 2, the specimen was axially loaded to 3,000 kips (0.26P). At this load,
there was noticeable local buckling, which caused a wavy pattern similar to Cycle 1 on
all four faces of the specimen. Once again, a slight nonuniformity in the longitudinal
strain distribution began to appear in all eight panels. Upon unloading to zero load, there
was no noticeable change in the shape of the specimen.
During Cycle 3, the specimen was loaded to 3,750 kips (0.33Py)' While holding the load
at this level, it was noticed that the maximum out-of-plane deflection w of the plates
became more pronounced and remained visible after unloading to zero load. Figure 3.49
shows a photograph of the formulation of the local buckling of Specimen 3-3036-6 at P
= 3,750 kips.
In Cycle 4 the specimen was loaded to ultimate load. At an axial load of 4,608 kips
(00403Py), the maximum load was reached (see Figure 3045). This occurred at an axial
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shortening of 1.1OL\. The P-w relationships shown in Figures 3.47 and 3.48 indicate a
complete loss of stiffness near peak load. There was a considerable nonuniform
longitudinal strain distribution in the plates at peak load, with a greater compressive strain
developing near the edges of each panel. The reserve strength of crma/cra was equal to
3.4, where crmax is the maximum stress at failure and cra is the stress at initial buckling.
Upon continuing the axial deformation to 16.1L\, the capacity of the specimen
deteriorated. At the axial deformation of 16.1L\ the corresponding axial load was 1,550
kips (6.89 MN), P = 0.136Py • The specimen was then completely unloaded, where a
pronounced buckling pattern remained on all faces. Figure 3.50 shows a photograph of
the final overall specimen deformation at the axial deformation of 16.1L1y•
61
4. ASSESSMENT OF EXPERIMENTAL RESULTS
4.1 Specimen Force - Deformation Characteristics
The axial load - axial shortening response of each specimen was examined to assess
initial and postultirnate load elastic stiffness, load shedding and ultimate load.
The initial elastic stiffness Ko of each specimen was compared with its theoretical value,
AEIL, where A is defined as the cross-sectional area, E is the modulus of elasticity, and
L is the overall specimen length. The axial load - axial shortening response of each
specimen is shown in Figures 4.1 through 4.7, along with comparisons with the theoretical
stiffness AEIL. The axial stiffness of the shorter specimens, whose length was less than
or equal to 10 feet, was found to remain fairly constant up to 80 to 90 percent of ultimate
axial load Pmax' before decreasing due to local buckling. In the longer specimens, namely
Specimens 1-3636-18 and 1-3636-35, the axial stiffness agreed with theory only up to
approximately 29 percent and 44 percent of Pmax' respectively.
The postultimate elastic stiffness was found to deteriorate with an axial deformation
beyond Pmax ' For example, for Specimen 1-3636-10, following failure at a normalized
axial deformation NI'\ of 1.3, the elastic stiffness at NI'\ of 2.4 was 53 perc2nt of the
initial elastic stiffness Ko, and 0.41 Ko at a deformation of 4.0 (see Figure 4.1). Similarly,
for Specimen 1-3636-18, as shown in Figure 4.2, at NI'\ of 1.9 the elastic stiffness was
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0.46Ko, and for Specimen 3-1818-6, as shown in Figure 4.5, 0.49Ko at N!J.y of 2.1.
The length of the speCImen appears to have a significant effect on load shedding
following the development of Pmax' Specimen 1-3636-10, having a length of 10 feet, lost
approximately 21 percent of its axial load capacity at N~ of 1.85, whereas, Specimen
1-3636-18, having a length of 18 feet, lost approximately 46 percent (see Figures 4.1 and
4.2). Three of the stub specimens were subjected to severe axial deformations. At an
axial deformation of 14 times the yield axial deformation !'1y, Specimen 2-3036-6 had a
yield capacity of 0.38Pmax' Specimen 3-2430-6 had a capacity of 0.42Pmax' and Specimen
3-3036-6 had a capacity of 0.37Pmax'
The axial yield load Py was used ~o normalize the experimental ultimate capacity Pmax of
each specimen. These experimental ultimate capacity values are summarized in Table 4.1
and plotted in Figure 4.8 as a function of~, where ~ was defined by Equation (1.18) and
repeated below
(1.18)
.''-.
where b is t.he plate width, t the plate thickness, E the modulus of elasticity, ,and cry the
yield stress. The capacity Pmax of each specimen was observed during testing to be
controlled by severe local plate buckling, where Figure 4.8 indicates that the width-to-
thickness-(b/t) ratio h~s a significant effect on Pmax. For larger width-to-thickness ratios
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(e.g. ~), the specimen capacity is reduced. For a constant nominal width-to-thickness
ratio of 96, there was not a significant change in Pmax for specimens of different length
(Specimens 1-3636-10, 1-3636-18, and 1-3636-35) as well as number of cells (Specimens
1-3636-10, 2-3036-6, and 3-3036-6). As the length increased from 10 feet (Specimen 1-
3636-10) to 35 feet (Specimen 1-3636-35), there was a seven percent decrease in Pmax'
whereas going from one cell (Specimen 1-3636-10) to three cells (Specimen 3-3036-6)
led to only a seven percent increase in Pmax'
4.2 Specimen Postbuckling Strength
Plate elements can possess a significant amount of strength beyond initial buckling. This
extra capacity, known as the postbuckIing strength, can be examined by comparing the
ultimate capacity with the initial buckling capacity. Theoretically, for a plate possessing
no imperfections and subjected to unidirectional membrane stress the theoretical elastic
buckling load is
(4.1)
where A is the cross-sectional area of the plate along the loaded edge, k is the buckling
coefficient (dependent on boundary conditions) and v is Poisson's ratio. As noted in
Chapter 1, out-of-flatness imperfections and residual stresses in welded cellular box
columns lead to a reduction in their initial local plate buckling load relative to the
64
theoretical value Per,Ul'
There are several methods to determine the onset of local plate buckling and therefore
determine the pO,stbuckling strength relative to the initial buckling strength. A plot of the
load versus midpoint deflection w of the plate will indicate local plate deflection. The
local plate deflection w for a cellular box column, as shown in Figure 4.9, is based on
measurements near the midheight of the test specimen. Figure 4.10 shows a plot of the
compressive load (PIP) versus transverse displacement w of the midpoint of a plate. The
initial change in slope (stiffness) represents the onset of local plate buckling. Thus, the
intersection of the tangents of the initial slope and the postbuckling slope defines the
---'
experimental local plate buckling load, (Per,exp)w' Results for determining the initial local
buckling load, based on the P - w relationships, are compared to the theoretical results
in Section 4.2.1.
Strains can also be used to distinguish the onset of local plate buckling. As a plate
undergoes local buckling and develops displacement w normal to its surface, bending
curvature is induced through the thickness of the plate (see Figure 4.11). The onset of
local plate buckling will therefore cause the local normal strains on opposite sides of the
plate to separate. One side will develop an increment of tensile strain, while the other
side will develop additional compressive strain. If the plate is initially perfectly flat and
the strain gages aligned exactly on opposite sides of the plate, the ideal strain separation
phenomenon that occurs at local buckling at the load (Per, cxp)£ is shown in Figure 4.12.
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Results for distinguishing the onset of local buckling, based on strain separation, are
compared to the theoretical results in Section 4.2.2.
4.2.1 Load· Transverse Displacement Analysis
P - w plots for each individual specimen were shown in Chapter 3 - Test Specimen
Observations. Comparisons of the P - w relationships for selected specimens are shown
in Figures 4.13 and 4.14. These figures illustrate the tendency for specimens of larger
width-to-thickness ratios to develop initial buckling at a lower average compressive stress,
as indicated by the initial change in slope in the P - w relationships (Figure 4.13).
However, the specimen length appears not to significantly influence (Per,exp)w (Figure 4.14).
Values for (Per,cxp)w and Per,til are given in Table 4.2 in the form of postbuckling strength
ratios Pmax / (Per,cxp)w and P max / Per,tip as well as plotted in Figure 4.15 as a function of ~.
The results in Table 4.2 indicate that there is a significant amount of postbuckling
strength in the column specimens, with P max ranging from 2.0 (Per,cxp)w' Specimen 3-1818-
6, to 10.0 (Per,cxp)w' Specimen 1-3636-35. However, compared to theory, P max ranged from
1.17 Per,th' Specimen 3-1818-6, to 2.58 Per,lh' Specimen 3-3036-6. Based on the P - w
relationships, the theoretical value Perth is 1.7 to 4.1 times greater than the experimental
value (Per,cxp)w' In observing the postbuckling strength ratios P max / Per plotted in Figure
4.15, it is apparent that while the strength P max decreases with larger width-to-thickness
ratios or ~ values (see Figure 4.8), the postbuckling strength ratio increases. This fact is
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attributed to a quadratic rate of decrease in the initial local buckling load Per with respect
to an increase in the width-to-thickness ratio. Furthermore, there appears to be at the
higher values of ~ (~ approximately equal to 5.0), a greater scatter in the Pmax / (Per,cxp)w'
particularly in the longer specimens. Specimens with larger width-to-thickness ratios were
found to have greater imperfections, and those of increased length also had a scatter in
the measured imperfections (see Table 2.5 and Table 2.6). These larger amounts of
imperfections and their variation lead to a decrease in (Pcr,cxp)w and cause a greater scatter
in the Pmax / (Pcr,cxp)w ratios. However, there was less scatter in the Pmax / Per,Ul ratio due
to the fact that Pmax was found to be fairly consistent for specimens having similar width-
to-thickness ratios. Furthermore, the buckling load Per,th is a constant value for a selected
value of ~.
4.2.2 Strain Separation Analysis
For specimens which had strain gages that were aligned on the interior and exterior
surfaces of a plate, the strain separation phenomenon was studied. This included all
specimens except for 1-3636-18 and 3-1818-6. Plots of specimen normalized compressive
load - normalized compressive strain are presented in Figures 4.16 through 4.22. As
indicated in these figures, the plots pertain to strains recorded at the edges and center of
a plate. These relationships indicate that there is, in most cases, a definite separation of
strains occurring near the center of a panel, with insignificant separation occurring near
the edges. In some cases where local out-of-flatness and/or misalignment of interior and
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exterior strain gages existed, strain separation is not clearly seen. In such cases, as for
Specimen 2-3036-6 (see Figure 4.19 (b)), separation of strain occurs at the onset of
loading the specimen.
A summary of the ratios of P max / (Per,exp\, with (Per,exp)£ based on the valid strain
separation relationships, and a comparison with the theoretical local buckling load Perth'
are given in Table 4.3, These results also are plotted as a function of ~ in Figure 4.23.
The values for (Per,exp)e of each specimen represent average values of several strain
separation plots, all of which have not been shown. These results and those summarized
in Table 4.3 indicate that there is a significant amount of postbuckling strength in the
column specimens, with P max ranging from 4.8 to 10.7 (Per,exp)e' The theoretical value Per,th
is 2.5 to 4.2 times greater than the experimental value (Per,exp)£, based on the strain
separation relationships. In the last column of Table 4.3, (Per,exp)£ based on strain
separation relationships are compared with (Per,exp)w based on the P - w relationships. In
general, this comparison shows (Per,exp)w / (Per,exp)£ to be greater than 1,0, implying that
local plate buckling based on strain separation is detected at lower levels of axial load
(59 to 83 percent) compared to that based on transverse plate displacements.
4.3 Specimen Longitudinal Strain Distribution
As discussed in Chapter 1, the effective width theory proposes that as load increases,
stresses in the center of a plate can carry no additional load, thereby forming a
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nonuniform stress distribution across the plate width. This phenomenon can be verified
by referring to the experimental data plotted in Figures 4.24 through 4.34. These figures
present longitudinal strain distributions measured near midheight, normalized by the yield
strain Ey, at several levels of loading for all specimens.
For single cell Specimens 1-3636-10, 1-3636-18, and 1-3636-35, the initial local plate
buckling load (Pcr,exp)w, based on P - w relationships, was equal to 0.060Py, 0.053Py, and
0.035Py , respectively. Prior to reaching these loads, it is apparent that the strain
distributions for these specimens is fairly uniform along the panel (see Figures 4.24
through 4.28). After initial local buckling, and with continued loading, a nonuniform
distribution of longitudinal plate strain develops, where near the edges of the panel there
exists a greater compressive strain. In Panel 1 at 18 inches below midheight of Specimen
1-3636-18 (see Figure 4.25), which is adjacent to Panel 2 (see Figure 4.26), there appears
a strain reversal in the middle strip of the panel in which tensile strain develops. The
same phenomenon also occurs at 18 inches below midheight in Panel 4 of Specimen 1-
3636-35 (see Figure 4.28). This is due to the phenomenon discussed previously, where
local buckling causes the plate to displace outwards, leading to tensile strains on the
outside surface of the panel due to bending curvature.
Specimen 2-3036-6 had an initial local plate buckling load (Pcr,exp)\V of 0.093Py• The
longitudinal strain distribution at 12 inches below midheight of Panel 2 and 12 inches
above midheight of Panel 3 are shown in Figures 4.29 and 4.30 to be uniform prior to
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achieving this level of axial load. Following initial local buckling, outward plate
movement developed at both of these locations, leading to tensile strain on the outside
of the plate at the center of the panels.
The longitudinal strain distribution in Panels 1 and 2 of triple cell Specimen 3-1818-6
is shown in Figure 4.31. This specimen had an initial plate buckling load (Per ex )w of
, p
0.376Py • Prior to reaching this level of axial load, Panel 2 is seen to have a fairly
uniform longitudinal strain distribution. However, Panel 1 does not. This discrepancy
is likely due to faulty gages in Panel 1, since a nonuniform strain in Panel 1 can also be
seen at the relatively small load of P =O.03Py prior to local plate buckling.
The strain distribution at midheight in the triple cell Specimen 3-2430-6 (see Figures 4.32
and 4.33) appears to indicate that the center panels (Panels 2 and 6) locally buckled
inwards, with the adjacent panels (Panels 1, 3 and Panels 5, 7) buckling outwards. For
triple cell Specimen 3-3036-6 (see Figure 4.34) the strain distribution indicates outward
buckling of the center panel and inward buckling of the adjacent panels. These
indications are consistent with the test specimen observations (see Figures 3.42 and 3.50
for Specimens 3-2430-6 and 3-3036-6). Similar to other specimens, the longitudinal
strain is uniform prior to developing initial local buckling at (Pcr.exp)w equal to 0.12Py and
0.08Py for Specimens 3-2430-6 and 3-3036-6, respectively. The magnitude of strain in
the individual panels of Specimen 3-3036-6 appears to be close in value to similarly
buckled panels of single cell specimens having a similar width-to-thickness ratio at
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corresponding levels of load. This suggests that interaction among cells is not significant
and that analysis prediction using the sum of individual plate solutions may be plausible
when considering cells which have plates with equal width-to-thickness ratios.
In summary, an examination of the specimen longitudinal strain distribution agrees with
the von Karman effective width concept of nonuniform strain developing with peak values
occurring at the edges of the plate.
4.4 Specimen Strength Comparisons
4.4.1 Theoretical Solutions
A plot of the effective width prediction based on von Karman, using a buckling
coefficient k of 4.0, is given in Figure 4.35, where it is compared with the experimental
capacity of each specimen. Numerical values are summarized in Table 4.4 and
comparisons with experimental data given in Figure 4.36. In the results presented in
Table 4.4 and Figure 4.36, a k value of 4.0 was used only for those specimens in which
the adjacent plates of cells were of similar width-to-thickness ratios, for example
Specimen 1-3636-10. This was based on the assumption that adjacent plates of similar
width-to-thickness ratios would all buckle simultaneously leading to no interaction
between them. For other cases, which involved multicellular sections, for example
Specimen 2-3036-6, the contribution of the adjacent plate of smaller width-to-thickness
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ratio on enhancing the postbuckling strength of a plate of higher width-to-thickness ratio
was considered. This was accomplished by treating each cell separately and computing
the buckling coefficients pertaining to a single cell section (Stowell, 1951). The increase
in the theoretical capacity using these values, as opposed to a buckling coefficient of 4.0,
was found not to be significant. Specimens 2-3036-6 and 3-3036-6 had a buckling
coefficient k of 4.5 which led to a six percent increase in the ultimate capacity, whereas,
Specimen 3-2430-6 had a buckling coefficient k of 4.7 which led to an eight percent
increase in capacity.
The strength ratio, which is defined as the ratio of the experimental ultimate capacity Pmax
to theoretical capacity pv.K., based on the von Karman effective width method (Equation
1.14)) ranged from 0.92 to 1.04. As mentioned in Chapter 1, the von Karman prediction
was thought to overestimate the ultimate strength because the prediction does not include
the effects of residual stresses and initial imperfections. As can be seen from Table 4.4,
the von Karman effective width method overestimates the ultimate specimen capacity of
five of the seven test specimens. For specimens with similar width-to-thickness ratios for
all panels, such as Specimen 1-3636-10, the von Karman prediction overpredicted the
experimental specimen capacities by as much as eight percent. For the specimens with
different width-to-thickness ratios for adjacent panels, such as Specimen 2-3036-6, the
von Karman prediction underestimated the experimental capacity in two of the three
cases. However, the capacity prediction was within five percent. Thus, von Karman's
solution is not necessarily more accurate for the strength prediction of specimens whose
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plates all have similar width-to-thickness ratios and which tend to buckle simultaneously.
Furthermore, a comparison of the single cell specimens, namely Specimens 1-3636-10,
1-3636-18, and 1-3636-35, indicates that the length effects tend to reduce Pmax, e.g.
coupling of local and overall flexure buckling tends to occur which is not accounted for
in von Karman's solution.
A plot of the effective width prediction based on the Winter equation (Equation (1.16)),
using a buckling coefficient k of 4.0, is given in Figure 4.37, where it is compared with
the experimental capacity Pmax of each specimen. Numerical values are summarized in
Table 4.4 and comparisons with experimental data given in Figure 4.38, where for these
results buckling coefficients k were used which were similar to those used in the von
Karman prediction. As can be seen from Table 4.4, the Winter method underestimates
the ultimate strength capacity Pmax of all seven test specimens. The strength ratio based
on the Winter method ranged from 1.01 to 1.14, corresponding to an average deviation
of approximately nine percent. For specimens with similar width-to-thickness ratios for
all panels, such as Specimen 1-3636-10, the Winter method underpredicted the
experimental specimen capacities by five percent. However, for the specimens with
different width-to-thickness ratios for adjacent panels, such as Specimen 2-3036-6, the
Winter method underestimated the experimental capacities by ten percent. Thus, the
Winter prediction for the specimens with similar width-to-thickness ratios are closer to
the experimental capacities than for specimens having cells with varying width-to-
thickness ratios among the plates. Since the Winter prediction includes the effect of
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residual stresses and initial imperfections, the specimen ultimate capacities are an average
of ten percent less than those predicted by von Karman.
4.4.2 Current Navy Strength Design Criteria
The Frankland strength design equation, Equation (1.17), is plotted in Figure 4.39, along
with the experimental test specimen capacities Pmax from the test program. In general, this
figure indicates that the Frankland equation follows the trend of the experimental
specimen capacity. Numerical values for prediction of specimen capacity using the
Frankland equation is given in Table 4.5, as well as plotted in Figure 4.40. The strength
ratio based on the Frankland equation, for all specimens, ranged from 0.89 to 1.07,
corresponding to an average deviation of approximately seven percent.
Considering only the stub specimens (e.g. specimens whose length was no more than ten
feet), which are not susceptible to length effects, it is apparent in Figures 4.39 and 4.40
that the Frankland strength design equation provides a lower bound for cell strength,
particularly at larger values for p. Hence, the negative effect of residual stresses appears
to have nullified the positive effect of constraining the unloaded edges from translating.
Therefore, it appears that the Frankland equation can be used to assess the strength of
cellular members by adding the individual plate strengths, provided the plates have similar
width-to-thickness ratios.
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4.4.3 Finite Element Method
Nonlinear finite element analyses of the specimens were conducted by Lu (1993) using
the commercial general purpose computer program ADINA (Automatic Dynamic
Incremental Nonlinear Analysis) (1990). Midsurface shell elements were used to model
each plate panel, using four node rectangular elements. Large displacement effects were
also included. The von Mises model was used in the analysis with a bilinear material
stress-strain curve. For all plates, an appropriate mesh size was chosen. For 18 inch
plates, a mesh size of approximately 1.8 inches by 1.8 inches was used. For 24 inch
plates, a mesh size of approximately 2.4 inches by 2.4 inches was used, while 30 inch and
36 inch plates were divided into squares of approximately 3 inches by 3 inches.
Small incremental axial displacements were used to apply loading to the models with the
actual load being recorded through the reaction at the bottom end of the model. The
material properties, yield stress and strain hardening modulus, obtained from the tensile
coupon results were included in the modeling of the test specimens. An idealized residual
stress pattern was used for modeling with acr equal to 0.2ay and 11 equal to 4.0. A value
of 11 equal to 2.0 was used for the one-half scale specimens. The residual stresses were
assumed to be self-equilibrating for the multicellular specimens. The measured initial
out-of-flatness imperfections were included in the finite element models. The out-of-
straightness was not considered for the stub specimens, but was modeled for the longer
specimens. For the flat-ended specimens the boundary conditions were considered to be
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fixed, while the specimens placed on the cylindrical bearings, namely Specimens 1-3636-
18 and 1-3636-35, were modeled as hinged in one direction and fixed in the perpendicular
direction.
Two approaches were taken in modeling the shorter test specimens. In the first approach,
herein referred to as the 'unit' method, each as-built test specimen was modeled as one
complete unit. In the second approach, referred to herein as the 'sum of the plates'
method, the individual plates were modeled, considering each to have unrestrained and
simply supported conditions along the unloaded edges. The unloaded edges are those
which are joined with adjacent plates to form the cells of the cross section. The ultimate
capacity of the shorter stub specimens, whose length does not exceed 10 feet, is obtained
by summing the capacities of the individual plates. Hence, the 'sum of the plates'
method ignores any interaction effects between plates and cells in predicting capacity of
shorter specimens. The analysis of the longer column test specimens, namely Specimens
1-3636-18 and 1-3636-35, involved only the 'unit' method.
The deformation mode of the models for the various specimens are shown in Figures 4.41
through 4.47. The axial shortening of the specimens, noted in these figures, corresponds
to an axial shortening beyond the maximum axial load capacity Pmax' The deformation
modes obtained from these analytical results are similar to that observed in the
experimental testing of the specimens. Photographs of test specimen deformations were
shown and discussed previously in Chapter 3 - Test Specimen Observations.
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The normalized average stress - strain relationships for the test specimens based on the
'unit' method are compared with the Finite Element Method results in Figures 4.48
through 4.54. The capacity based on the 'sum of the plates' method is noted in these
figures. Numerical values and comparisons of strength ratios are given in Table 4.6. In
general, the 'sum of the plates' method is seen to give lower estimates for specimen
capacity compared to the 'unit' method. For the 'unit' method, the strength ratio ranged
from 0.86 to 1.06. However, based on the 'sum of the plates' method, the strength ratio
ranged from 0.92 to 1.07. Among the stub specimens, the results between the two
methods differed by an average of four percent. Moreover, in the shorter specimens
having all plates with a similar width-to-thickness ratio, namely Specimens 1-3636-10 and
3-1818-6, the average difference was less than one percent. As indicated in Figures 4.55
and 4.56, both the 'unit' method and the 'sum of the plates' method tended to
overestimate the ultimate specimen capacity, however, the latter method provides a more
accurate estimate of specimen capacity.
In summary, it appears that a slightly more accurate result for specimen strength
prediction can be obtained, at a reduced amount of computational effort, by the 'sum of
the plates' method. While this method provides capacity, the average stress - strain
relationships and deformed geometry of the specimens are also produced by the ' unit'
method.
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5. CONCLUSIONS
A test program was conducted to experimentally investigate and verify the compressive
instability failure modes of cellular box columns. The test specimen matrix consisted of
multicellular stub column tests to investigate cell interaction and plate width-to-thickness
ratio, and long column tests to investigate length effect. The nominal plate width-to-
thickness (bIt) ratios of the specimens varied from 48 to 96. The experimental behavior
was compared to predictions by empirical relationships and numerical models. Based on
the study, the main conclusions are as follows:
(I) Residual Stresses
• The pattern of measured residual stresses of HSLA 80 steel can be approximated
by the idealized rectangular pattern previously suggested for mild steel plates.
• The sectioning method results agreed to within six percent for the average
compressive stress and 15 percent for the tensile stress of the strain gage method.
• The value of 11 of 3.82 is within the range of 3.0 to 4.5 reported by Faulkner
(1975) and similar to the result of 3.5 reported by Ostapenko (1985).
(2) Specimen Force - Deformation Characteristics
• The postultimate stiffness during elastic unloading of all specimens is reduced by
approximately 50 percent due to the formation of large inelastic local buckling.
• A substantial amount of postfailure residual strength and ductility was present in
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the specimens, with a greater amount present in the stub specimens. At 14 times
the yield deformation, the stub specimen yield capacity was approximately 40
percent of the experimental specimen capacity.
o The width-to-thickness ratio was the main parameter affecting initial local
buckling load and capacity. The higher the width-to-thickness ratio, the lower the
specimen ultimate strength. The ultimate capacity decreased seven percent as the
length increased from 10 feet to 35 feet.
o The initial local plate buckling and ultimate capacity were not sensitive to the
number of cells. For similar width-to-thickness ratios, the ultimate capacity
increased seven percent from a single cell specimen to a triple cell specimen.
(3) Postbuckling Analysis
o Specimens containing a higher width-to-thickness ratio initially buckle at a lower
compressive stress. The specimens with a width-to-thickness ratio of 96 initially
buckled between 3.5 to 7 percent of the specimen yield strength, whereas, for a
width-to-thickness ratio of 48, the initial local buckling load occurred at
approximately 44 percent of the yield strength. Local buckling of specimens with
a width-to-thickness ratio of 96 occurs within the probable operating stress range
of the advanced double hull, giving rise to secondary plate stresses. In an
advanced double hull, these secondary stresses may create a fatigue problem.
• All specimens developed initial local plate buckling and possessed postbuckling
strength, with the ultimate specimen capacity ranging from 2 to 10.7 times the
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initial buckling load.
• From the load - deflection analysis, the theoretical postbuckling strength ranged
from 1.7 to 4.1 (Pcr,exp)w'
• From the strain separation analysis, the theoretical postbuckling strength ranged
from 2.5 to 4.2 (Pcr,exp)c'
• Local plate buckling based on the strain separation analysis is indicated at lower
levels of axial load (59 to 83 percent) as compared to the load - transverse
displacement analysis.
(4) Specimen Strength Comparisons with Theory
• Based on the von Karman effective width method, the theoretical ultimate
specimen strength capacity agreed with the experimental results to within eight
percent, generally overestimating specimen capacity. For specimens with
dissimilar width-to-thickness ratios for the cell panels, von Karman's prediction
provided better results, overpredicting the ultimate capacity within five percent.
Von Karman overpredicts because the method ignores residual stress,
imperfection, and length effects.
• Based on the Winter effective width method, the theoretical ultimate specimen
strength capacity agreed with the experimental results to within 13 percent,
underestimating the specimen capacity in all cases. However, the Winter
prediction was within five percent for specimens with similar width-to-thickness
ratios for all panels. Winter's formulation, by including residual stresses and
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imperfections, provided a lowerbound for the specimen capacity.
• Based on the simple empirical equation of Frankland, the theoretical ultimate
specimen strength capacity agreed with the experimental results to within eleven
percent. Considering only the stub specimens, the agreement was within seven
percentand Frankland's equation provides a lowerbound.
• The nonlinear finite element method predicted the ultimate capacity within 14
percent of the experimental capacity using a complete model for each specimen.
The ultimate specimen by modeling the individual plates and summing their
capacities was more accurate and within seven percent of the experimental result.
This gave an indication that for the specimens there is a minimal amount of
interaction among the cells, particularly when the plate width-to-thickness ratios
of the cells are equal.
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Table 2.1: Specimen Test Matrix
Specimen Number Length bit Test Configuration
Number of Cells (feet) Ratio
1-3636-10 1 10 96 Fix-ended Column
1-3636-18 1 18 96 Pin-ended Column
1-3636-35 1 35 96 Pin-ended Column
2-3036-6 2 6 96 Fix-ended Column
3-1818-6 3 6 48 Fix-ended Column
3-2430-6 3 6 80 Fix-ended Column
3-3036-6 3 6 96 Fix-ended Column
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Table 2.2: Material Properties Based on Tensile Coupons, Full Scale Specimens
Tensile E Esh tsh t u &'0 cry cru
Specimens (ksi) (ksi) (in/in) (in/in) (%) (ksi) (ksi)
Longitudinal 31551.7 161.3 0.0029 0.074 15.21 90.4 100.4
Coupons
Transverse 31825.9 185.2 0.0027 0.067 13.86 84.1 95.8
Coupons
Average 31688.9 173.3 0.0028 0.071 14.53 87.3 98.1
Table 2.3: Material Properties Based on Tensile Coupons, One-Half Scale Specimens
Tensile E Esh tsh t u L1qo cry cru
Specimens (ksi) (ksi) (in/in) (in/in) (%) (ksi) (ksi)
Longitudinal 31532.0 166.2 0.0033 0.0740 14.93 80.2 91.9
Coupons
Transverse 32095.7 353.2 0.0032 0.0501 11.98 81.5 92.0
Coupons
Average 31813.9 259.7 0.0033 0.0621 13.46 80.9 91.9
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Table 2.4: Measured Dimensions and Section Properties for Specimen 1-3636-10
Average Dimensional Quantity Nominal Measured
Overall Length, L (in) 120 122.5
Width along I-Axis, WI (in) 36 38.5
Width along 2-Axis, w2 (in) 36 35.625
Thickness, t (in) 0.375 0.394
I Section Property I Nominal I Measured' I
Cross-sectional Area, A (in2) 54.0 58.5
Moment of Inertia about 11664 12743
I-Axis, II (in4)
Moment of Inertia about 11664 12732
2-Axis, 12 (in4)
Average Width-to-Thickness 96 89.6
Ratio of the Web Plates
Average Width-to-Thickness 96 92.4
Ratio of the Flange Plates
Radius of Gyration about 14.7 14.8
I-Axis, r1 (in)
Radius of Gyration about 14.7 14.8
2-Axis, r2 (in)
• Based on measured specimen geometry
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Table 2.5: Maximum Out-of-Flatness Readings
Specimen Maximum Normalized
Number Out-of-Flatness, Wo Out-of-Flatness, wJb
(inches)
1-3636-10 0.129 0.0036
1-3636-18 0.173 0.0048
1-3636-35 0.268 0.0074
2-3036-6 0.243 0.0068
3-1818-6 0.117 0.0065
3-2430-6 0.169 0.0071
3-3036-6 0.256 0.0071
Average - - - 0.0063
Note: b = Panel Width
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Table 2.6: Maximum Out-of-Straightness Readings
Specimen Maximum Normalized
Number Out-of-Straightness, 00 Out-of-Straightness, oofL
(inches)
1-3636-18 0.125 0.00058
1-3636-35 0.263 0.00061
Note: L =Overall Specimen Length
Table 2.7: Values for crrc and T) of a Longitudinal Residual Stress Distribution
Plate Average crrc T)
(ksi)
A 7.00 3.46
B 7.61 3.74
C 9.39 4.53
D 7.18 3.54
86
Table 2.8: LVDT Instrumentation Scheme
Specimen LVDT
Number Level
CCC CC C B A AA AAA
43" 61" 79"
1-3636-10 -- -- 5-1 3-1 5-1 -- --
5-2 3-2 5-2
36" 72" 90" 108" 126" 144" 180"
2-1 3-1 1-1 5-1 1-1 3-1 3-1
1-3636-18 5-2
5-3
2-4
54" 126" 198" 216" 252" 294" 366"
1-3636-35 1-1
5-2
2-3 2-3 -- 5-3 -- 3-3 2-3
24" 36" 48"
2-3036-6 -- -- 5-2 3-2 5-2 -- --
5-3 3-3 5-3
28" 37" 46"
3-1818-6 -- -- 5-1 3-1 5-1 -- --
5-2 3-2 5-2
5-4 3-4 5-4
16" 36" 56"
3-2430-6 -- -- 3-2 3-2 5-2 -- --
3-3 3-3 5-3
3-4 3-4 5-4
24" 36" 48"
3-3036-6 -- -- 3-2 3-2 5-2 -- --
3-3 3-3 5-3
3-4 3-4 5-4
Note: Dimensions refer to height of LVDT level above the base of the specimen.
5-1 denotes 5 LVDTs located on Panel 1 (see Appendix C).
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Table 2.9: Strain Gage Instrumentation~heme
Specimen Strain Gage Level
Number CCC CC C B A AA AAA
43" 61" 79"
2L1 3R1 3R1 3IR1 2L1 3R1
1-3636-10 -- -- 2L23R2 3R231R2 2L23R2 -- --
3L3
3L4
36" 72" 90" 108" 126" 144" 180"
3L1 4L1 1R1 3R1 4L1 1R1 3L1
1-3636-18 3L2 -- 5L2 3R2 5L2 -- 3L2
3L3 4L3 1R3 3R3 4L3 1R3 - 3L3
3L4 3L4
54" 126" 198" 216" 252" 294" 366"
3L1 3L1 4L1 1R1 3R1 4L1 1R1 3L1 3L1
1-3636-35 2L2 3L231R2 2L2
3L3 3L3 4L3 1R3 3R3 4L3 1R3 3L3 3L3
3L4 4L4 1R4 3R4 4R41R4 3L4
24" 36" 48"
2R1
2L23R2 3R231R2 2L23R2
2-3036-6 -- -- 2L33R3 3R331R3 2L33R3 -- --
3L4
2L5
3L6
Note: Dimensions refer to height of strain gage level above the base of the specimen.
L denotes Longitudinal uniaxial strain gage.
R denotes Rosette strain gage.
I denotes Internal strain gage.
2L1 denotes 2 Longitudinal strain gages located on Panel 1 (see Appendix C).
31R1 denotes 3 Internal Rosette strain gages located on Panel 1 (see Appendix C).
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Table 2.9: Strain Gage Instrumentation Scheme (Continued)
Specimen Strain Gage Level
Number CCC CC C B A AA AAA
28" 37" 46"
2L1 3R1 2L1 1R1 2L1 3R1
2L23R2 2L21R2 2L23R2
3L3
3-1818-6 -- -- 2L4 3R4 2L4 1R4 2L4 3R4 -- --
3L5
3L6
3L7
3L8
16" 36" 56"
3L1
3R2 3R22IR2 3R2
2L3 1R3 3R33IR3 2L3 1R3
3-2430-6 -- -- 3R4 3R43IR4 3R4 -- --
3L5
3L6
3L7
3R8
24" 36" 48"
3L1
3R2 3R22IR2 3R2
2L3 1R3 3R33IR3 2L3 1R3
3-3036-6 -- -- 3R4 3R43IR4 3R4 -- --
3L5
3L6
3L7
3L8
Note: Dimensions refer to height of strain gage level above the base of the specimen.
L denotes Longitudinal uniaxial strain gage.
R denotes Rosette strain gage.
I denotes Internal strain gage.
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Table 2.10: Applied Load Cycles
Specimen Load Cycle Maximum Axial Load
Number Number (kip)
1-3636-10 1 900
2 1200
3 1500
4 1886
5 1470
Specimen Load Cycle Maximum Axial Load
Number Number (kip)
1-3636-18 1 788
2 788
3 1807
4 420
5 403
Specimen Load Cycle Maximum Axial Load
Number Number (kip)
1-3636-35 1 872
2 872
3 1781
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Table 2.10: Applied Load Cycles (Continued)
Specimen Load Cycle Maximum Axial Load
Number Number (kip)
2-3036-6 I 1500
2 2000
3 2500
4 3386
Specimen Load Cycle Maximum Axial Load
Number Number (kip)
3-1818-6 1 2315
2 3000
3 3853
4 4424
Specimen Load Cycle Maximum Axial Load
Number Number (kip)
3-2430-6 I 2250
2 3000
3 3750
4 4361
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Table 2.10: Applied Load Cycles (Continued)
Specimen Load Cycle Maximum Axial Load
Number Number (kip)
3-3036-6 1 2250
2 3000
3 3750
4 4608
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Table 4.1: Normalized Specimen Ultimate Capacity Pmax
Specimen Number Length Nominal Beta Pmax Py Pmax
Number of Cells (feet) bit ~ (kips) (kips) ----
Ratio P y
1-3636-10 1 10 96 5.04 1886 5105 0.369
1-3636-18 1 18 96 5.07 1807 5044 0.358
1-3636-35 1 35 96 5.04 1781 5042 0.353
2-3036-6 2 6 96 5.05 3386 8054 0.420
3-1818-6 3 6 48 2.49 4424 5885 0.752
3-2430-6 3 6 80 4.15 4361 9096 0.479
3-3036-6 3 6 96 5.16 4608 11446 0.403
Table 4.2: Experimental Postbuckling Strength Pmax
Based on Load - Transverse Displacement Analysis
Specimen P max Pmax Per,tll
Number ------ --------- ---------
Per,lll (Per,cxp)w (Per,exp)w
1-3636-10 2.54 6.2 2.4
1-3636-18 2.49 6,8 2.7
1-3636-35 2.43 10.0 4.1
2-3036-6 2.39 4,5 1.9
3-1818-6 1.17 2,0 1.7
3-2430-6 1.90 3.9 2.1
3-3036-6 2.58 4.9 1.9
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Table 4.3: Experimental PostbuckJing Strength Pmax
Based on Strain Separation Analysis
Specimen Pmax Pmax Per,tll (Per,exp)w
Number ------ --------- --------- ---------
Per,tll (Per,exp)£ (Per,exp)£ (Per,exp)£
1-3636-10 2.54 10.7 4.2 1.7
1-3636-18 2.49 ---* ---* ---*
1-3636-35 2.43 9.4 3.9 0.9
2-3036-6 2.39 7.8 3.2 1.7
3-1818-6 1.17 ---* ---* ---*
3-2430-6 1.90 4.8 2.5 1.2
3-3036-6 2.58 6.7 2.6 1.4
* No Interior Gages Existed
Table 4.4: Comparison of Specimen Capacity Pmax with Theoretical Solutions
Specimen Pmax Pv-K. PWinter Pmax Pmax
Number (kips) (kips) (kips) ------ -------
Pv.K. PWinter
1-3636-10 1886 1982 1813 0.95 1.04
1-3636-18 1807 1933 1770 0.93 1.02
1-3636-35 1781 1935 1772 0.92 1.01
2-3036-6 3386 3267 2976 1.04 1.14
3-1818-6 4424 4790 3932 0.92 1.13
3-2430-6 4361 4613 4098 0.95 1.06
3-3036-6 4608 4576 4174 1.01 1.10
Pv.K = von Karman Axial Load Capacity Prediction, Equation (1.14)
PWinter = Winter Axial Load Capacity Prediction, Equation (1.I 6)
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Table 4.5: Comparison of Specimen Capacity Pmax with
Frankland Strength Equation Pth
Specimen Pmax Pth Pmax/Pth
Number (kips) (kips)
1-3636-10 1886 2029 0.93
1-3636-18 1807 1995 0.91
1-3636-35 1781 2002 0.89
2-3036-6 3386 3195 1.06
3-1818-6 4424 4129 1.07
3-2430-6 4361 4276 1.02
3-3036-6 4608 4451 1.04
Table 4.6: Comparison of Specimen Capacity Pmax with Finite Element Analysis
Specimen Pmax Punit Ppiales Unit Plates
Number (kips) (kips) (kips) Strength Ratio Strength Ratio
1-3636-10 1886 2025 2021 0.93 0.93
1-3636-18 1807 1847 ---** 0.98 ---**
1-3636-35 1781 1730 ---** 1.03 ---**
2-3036-6 3386 3730 3547 0.91 0.96
3-1818-6 4424 4168 4142 1.06 1.07
3-2430-6 4361 4837 4636 0.90 0.94
3-3036-6 4608 5347 4986 0.86 0.92
** 'Sum of the Plates' Method Not Performed
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Figure 1.1 Comparison of Conventional and Double Hull Designs (Beach, 1990)
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Figure 2.1 Section of Fabricated Advanced Double Hull
104
Specimen Number
1-3636-35
1-3636-18 *
1-3636-10
2-3036-6
3-3036-6
3-2430-6
3-1818-6
Figure 2.2
* Approx. 8' used for
residual stress and
tensile coupon
measurements
~
I.. 27'-3" ~
Extracted Full Scale and Fabricated One-Half Scale Specimens
105
1-3636-10
T
10'
(3.0 m)
1
~p
18'
(5.5 m)
35'
(10.7 m)
tp
1-3636-35
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Figure 2.11 Representative Out-of-Flatness Profiles for Single Cell Specimens
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Figure 2.16 Whittemore Gage, Temperature Compensation Bar, and Sawed Strips
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Figure 2.22 Idealized Longitudinal Residual Stress Pattern
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Figure 2.23 Schematic of the Pin-ended Column Experimental Test Configuration
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Figure 2.24 Schematic of the Fix-ended Column Experimental Test Configuration
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Figure 2.25 Pin-ended Test Configuration for Specimen 1-3636-18
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Figure 2.26 Fix-ended Test Configuration for Specimen 1-3636-10
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f<igure 2.26 Fix-ended Test Configuration for Specimen 1-3636-10
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Figure 2.27 Fix-ended Test Configuration with Spreader Beams for Specimen 3-3036-6
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Figure 2.27 Fix-ended Test Configuration with Spreader Beams for Specimen 3-3036-6
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Figure 2.28 Strain Gage Instrumentation Scheme for the Exterior of Panel 3 of
Specimen 2-3036-6
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Figure 2.29 Representative Instrumentation Layout for Specimen 2-3036-6
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Figure 2.29 RepresentatIve Instrumentation Layout for Specimen 2-3036-6
130
l
o.7'5T------~I;;:Py:::;=n;;.7;:;1MN:;;;-' -------1
eY- ,2259 % .
I~rl /~~,:~rl
, ,
, .
" .. ,
I •
. ,
I I
. .
, .
. .
• I
, .
, .
. .
I I
.. .
I ,0·M-I0L----lL----....j~---.k....--100r-----1...,5,-0----"---~200
Load Step
~O.
e::.
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Figure 3.1 West View of the Initial Test Configuration for Specimen 1-3636-10
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Figurc 3.1 West View of the Initial Test Configuration for Specimcn 1-3636-10
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Figure 3.2 Photograph of the Instmmentation for Specimen 1-3636-10
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Figurc 3.2 Photograph of thc Instrumentation for Specimcn 1-3636-10
133
0.7'~----------- -,
5.04.0
ICycle 5 ,
2.0 3.0
Average Strain/Yie1d Strain (e/ey)
/
,
1.0
Cycles 1 & 2 ICycle 4
. -. I~._r _''-'r ,
/
VJ
~
U) 0.4
"0Q3
2
VJ
~ 0.3
U)
Q)
~
....
Q)
~ 0.1
~o.
e:.
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Figure 3.4 Observed Buckling Configuration for Specimen 1-3636-10
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Figure 3.7 View of Final PeITI1anent Buckling for Specimen 1-3636-10 Following
Test, Axial DefoITI1ation of 4.0 ~
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Figurc 3.7 View of Final PCllllanent Buckling for Spccimen 1-3636-10 Following
Test. Axial Deformation of 4.0 ~\
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Figure 3.8 West View of the Initial Test Configuration for Specimen 1-3636-18
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Figure 3.8 West View of the Initial Test Configuration for SpecImen \-3636-18
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Figure 3.9 Photograph of the Instrumentation for Specimen 1-3636-18
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Figure 3.11 Observed Buckling Configuration for Specimen 1-3636-18
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Figure 3.13 Fonnulation of Local Buckling of Specimen 1-3636-18, P = 788 kips
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Figure 3.13 Formulation of Local Buckling of Specimen 1-3636-\8. P = 788 kIps
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Figure 3.14 View of Large Curvature Existing in Specimen 1-3636-18 Following Test,
Axial Defonnation of 7.8 ~
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Figure 3.14 View of Large Curvature Existing in Specimen 1-3636-18 Following Test.
Axial Deformation of 7.8 ~\
144
Figure 3.15 West View of the Initial Test Configuration for Specimen 1-3636-35
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Figure 3.1.5 West View of thc Initial Test ConfIguration for Specimcn 1-3636-3.5
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Figure 3.16 Photograph of the Instrumentation for Specimen 1-3636-35
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Figure 3.16 Photograph of the Instrumentation for Specimen 1-3636-35
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Figure 3.18 Observed Buckling Configuration for Specimen 1-3636-35
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Figure 3.20 Formulation of Local Buckling of Specimen 1-3636-35, P =872 kips
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Figure 3.20 Formulation of Local Buckling of Specimen 1-3636-35. P == 872 kips
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Figure 3.21 Formulation of Local Buckling of Specimen 1-3636-35, P =: 872 kips
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Figure 3.21 Formulation of Local Buckling of SpCClJllCn 1-3636-35. P = 872 kips
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Figure 3.22 Vertical Weld Tears in Specimen 1-3636-35 Following Dynamic Failure
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Pigure 3.22 Vertical Weld Tears in Specimcn 1-3636-35 Following Dynamic Failure
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Figure 3.23 View of Curvature Existing in Specimen 1-3636-35 Following Test
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Pigure 3.23 View of Curvature Existing in Specimen 1-3636-35 Following Test
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Figure 3.24 Northwest View of the Initial Test Configuration for Specimen 2-3036-6
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Figure 3.24 Northwest View of the Initial Test Configuration for Specimen 2-303(1-(1
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Figure 3.25 Photograph of the Instrumentation for Specimen 2-3036-6
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Figure 3.26 Load-Shortening Relationship for Specimen 2-3036-6
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f<igure 3.25 Photograph of the Instrumentation for Specimen 2-3036-6
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Figure 3.27 Observed Buckling Configuration for Specimen 2-3036-6
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Figure 3.29 View of Final Permanent Buckling for Specimen 2-3036-6 Following Test,
Axial Deformation of 11.0 L\
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Figure 3.29 View of Final Permanent Duckling for Specimen 2-3036-6 Following Test.
Axial Deformation of 11.0 6.,
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Figure 3.30 Southwest View of the Initial Test Configuration for Specimen 3-1818-6
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Figure 3.30 Southwest View of the Initial Test Configuration for Specimen 3-1818-6
[59
Figure 3.31 Photograph of the Instrumentation for Specimen 3-1818-6
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Figure 3.33 Observed Buckling Configuration for Specimen 3-1818-6
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Figure 3.34 Out-of-Plane Displacement Versus Compressive Load for Specimen
3-1818-6, Cycle 4
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Figure 3.35 Out-of-Plane Displacement Versus Compressive Load for Specimen
3-1818-6, Cycle 4
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Figure 3.36 Formulation of Local Buckling of Specimen 3-1818-6, P =3,875 kips
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Figure 3.36 FornH>In lion 01 LocaI RuekIi ng or Specnnen 3-18 18-6_ P ~ 3.87; kips
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Figure 3.37 View of Final Permanent Buckling in Specimen 3-1818-6 Following Test,
Axial Deformation of 2.1 ~
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Figure 3.37 View of Final Permanent Buckling in Specimen 3-1818-6 Following Test.
Axial Deformation of 2.1 ~v
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Figure 3.38 Load-Shortening Relationship for Specimen 3-2430-6
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Figure 3.39 Observed Buckling Configuration for Specimen 3-2430-6
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Figure 3.42 View of Final Permanent Buckling in Specimen 2-2430-6 Following Test,
Axial Deformation of 17.5 Iiy
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Figure 3.42 View of Final Permanent Buckling in Specimen 2-2430-6 Followll1g Test.
Axial Deformation of 17.5 L1,
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Figure 3.43 Southwest View of the Initial Test Configuration for Specimen 3-3036-6
170
f
t:.:
Figure 3.43 Southwest View of the Initial Test Configuration for Specimen 3-3036-6
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Figure 3.44 Photograph of the Instrumentation for Specimen 3-3036-6
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Figure 3.44 Photograph of the Instrumentation for Specimen 3-3036-6
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Figure 3.45 Load-Shortening Relationship for Specimen 3-3036-6
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Figure 3.46 Observed Buckling Configuration for Specimen 3-3036-6
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Figure 3.47 Out-of-Plane Displacement Versus Compressive Load for Specimen
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Figure 3.49 Formulation of Local Buckling in Specimen 3-3036-6, P = 3,750 kips
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Figure 3.49 Pormulation of Local Ducklll1g in Spccimcn 3-3036-6, P = 3,7S0 kips
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Figure 3.50 View of Final PeID1anent Buckling in Specimen 3-3036-6 Following Test,
Axial DefoID1ation of 16.1 ~
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Figure 3.50 Vicw of Final Permanent Buckling in Specimen 3-3036-6 Following Test.
Axial Deformation of 16.1 Ll,
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Figure 4.9 Local Plate Deflection for a Cellular Box Section
181
0.7''Y-r-------------------------,
o.
f
:g 0.4
o
...1
<I)
.::
en
~ 0.3
~
o
U
0.0rH------r-------r-----.------,-----i
0.0 1.0 2.0 3.0 4.0 5.0
Transverse Displacement (em)
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Figure 4.11 Strain Separation Due to Plate Buckling
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Indicating Local Plate Buckling
184
O.Rr----------------- ---,
0.00-1.00
3-3036-6
b/t=96
-3.00 -2.00
Transverse Displacement (em)
3-243(}'6 ~
bIt c 80 .
-----.......
---- ....."'"
\
\ ,
,
,
'" ,
'" \
-4.00
..---. O.
~
"g
o
.....1~ O.
'"
'"~
E-
O
u
O.
Figure 4.13 Local Out-of-Plane Panel Displacement - Axial Load Relationship, Triple
Cell Stub Specimens
0.7lTr-------------------------,
o.
fi 0.4
o
.....1
Q)
.:::
'"~ 0.3
E-
o
u
-4.00
-3.00 -2.00
Transverse Displacement (em)
-1.00 0.00
Figure 4.14 Local Out-of-Plane Panel Displacement - Axial Load Relationship, Single
Cell Specimens
185
c PmaxlPcr,exp
Cl PmaxlPcr,th
10.
12.n-r----------------------~
....
cu
~ I:lI
Ep..
IZI
IZI
C
[fl
C 0
0
1.0 2.0 3.0 4.0 5.0 6.0
P =bltJ(a IE)
Figure 4.15 Comparison of Test Specimen Postbuckling Strength Ratios Based on
Transverse Displacement Analysis
186
0.2
-0.0
-0.0
Internal Gage
:::r-TPcr,explPy =0.043
Gage Locationa:
Pano11, Line B,
Right Edge of Panel
I Py =22.71 MN Iey=.2959 %
0.0 0.1
Nominal Compreaaive Strain (e/oy)
External Gage
......
.....- .....-.....-
External Gage
Gage Locatiooa:
Panel I, line B,
Left Edge of Panel
Py=22.71 MN
ey=.2959 %
Py = 22.71 MN
ey=.2?59 %
Gage Loco.tiooa:
Panel I, line B,
Center of Panel
-0.1
-0.3 -0.2 -0.1
Nominal Compresaivo Strain (e!ey)
;-1 Internal Gage
.. oo .. - .........-;.":=. _
.........
•••• ••••~.n-.-.-,.=--_
\~ External Gage I
..
.....................
0.75
a)
0.60
>:
~
] 0.45
0
.~10.30
E
8
0.15
0.00
-0.4
0.75
b)
0.60
>:
~
] 0.45
".~
~ 0.30
0.
E
8
0.15
0.00
-0.2
0.75
c) 0.60
>:
~
] 0.45
0
.~
~ 0.30
0.
E
8
0.15
0.00
-0.4
-0.3 -0.2 -0.1
Nominal Compreaaive Strain (e!oy)
Figure 4.16 Strain Separation for Specimen 1-3636-10, Panel 1
187
r m__,.---I--
...... ..r} External Gage
.........•...•..
......
0.75~-----------------------,
o.oo.!-------,,------,-----.-----~
-0.4 -0.3 -0.2 -0.1 -0.0
Nominal Compressive Strain (e/ey)
0.60
0.15
~
~
] 0.45
Gl
.~
~ 0.30
p.
E
8
a)
0.75.,...------------..--------------,
b) 0.60
Gage Locations:
Panel 2. Line B.
Center of PllI1el
External Gage
,
,
,
.
,):i
....... :
Internal Gage
o.oo-l----------r----~2!:.+·-L1 __.:P__.:cr:..:..e:.::xp~/Py:.::...:.._=__.:O.:..:.03_r__-----_l
·0.2 -0.1 0.0 0.1 0.2
Nominal Compressive Strain (eley)
~
] 0.45
Gl
.~
~ 0.30
p.
E
o
U
0.15
0.75.,...------------------------,
c) 0.60
Gage Locations:
Panel 2. Line B.
RighI Edge ofPanel
..- .... -
Py = 22.71 MN
ey=.2959 %
~I .... ~-rnol-G-a-ge-I
- ....- .. -.........0.15
0.ooL-----~------r-------r0-1----..:::::;;oL1-0.0
-0.4 -0.3 -0.2 - .
Nomin.s.l Compressive Strain (o/ey)
~
~g0.45
.....l
Gl
.~
~ 0.30
p.
8
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Figure 4.27 Measured Longitudinal Strains for Specimen 1-3636-35, Panel 1
2.00,r----------;::::========::;-------i
Panel 4, Line C
1.50
1.00
~
~
~
c
'@
.....
U)
] O.
~6 -0.5
o
Z
-1.
~ "
, "
, '
~ ", '
, "
~ "
, "
302418
Width (in)
126o
-2.()(}j-----r----.------.----.----------,,.---------l
36
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Figure 4.32 Measured Longitudinal Strains for Specimen 3-2430-6, Panels 1, 2 and 3
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Figure 4.41 FEM DefOlmation Model for Specimen 1-3636-10, MAy =2.33
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Figure 4.42 FEM Defonnation Model for Specimen 1-3636-18, /::J~ =2.15
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Figure 4.43 FEM Defonnation Model for Specimen 1-3636-35, N~ = 1.66
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Figure 4.44 FEM DefOImation Model for Specimen 2-3036-6, N~ = 2.19
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Figure 4.45 FEM Deformation Model for Specimen 3-1818-6, N~ = 1.95
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Figure 4.46 FEM Defonnation Model for Specimen 3-2430-6, N~ =2.68
209
Figure 4.47 FEM Defonnation Model for Specimen 3-3036-6, I:!JI1y = 4.34
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APPENDIX A
Tensile Coupon Data and Results
219
Full Scale Tensile Coupon Data
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-------------------------- - -- -- -
Specimen: L1
Date: 9/22192
Initial Length (in): 20.0000 Ao '= 0.5820 sqin
Width (in): 1.4960 Af 0.2330 sqin
1.4930
1.4995 E 32743.47 ksi
Thickness (in): 0.3885 Esh = 172.53 ksi
0.3890
0.3895 Yield
Gage Length (in): 6.0000 Strain = 0.0030 inlin
Ufiimate
Strain = 0.0845 inlin
Final Length (in): 21.3125
Final WJC!th (in): 1.1155 detta= 15.63 %
1.1140
Final Thickness (in): 0.2590 Static
0.1915 Yield = 91.03 ksi
0.2290 Uttimate
Final Gage (in): 6.9375 Yield = 101.89 ksi
Pmax(computer): 58.88 Pstatic: 52.90 kips
52.70 kips
Pmax(machine): 59.30 53.10 kips
53.10 kips
53.10 kips
Notes: Break occurred in center of gage length. ~
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0.12 0.15
Specimen:
Date:
12
9/22192
Initial Length (in): 20.0625 Ao = 0.5812 sqin
Width On): 1.4965 Af 0.2489 sqin
1.4885
1.4995 E 32168.15 ksi
Thickness (in): 0.3885 Esh = 143.53 ksi
0.3890
0.3890 Yield
Gage Length (in): 6.0000 Strain = 0.0751 inJin
Ufiimate
Strain = 0.0029 inJin
Final Length ~n): 212500
Final Width (in): 1.1040 detta= 15.63 %
1.0915
Final Thickness (in): 0.2675 Static
0.1915 Yield = 92.78 ksi
0.3270 Ultimate
Final Gage ~n): 6.9375 Yield = 103.06 ksi
Pmax(computer): 59.66 Pstatic: 53.80 kips
53.90 kips
Pmax(machine): 59.90 54.20 kips
53.80 kips
Notes: Break occurred within 1"+ of gage length.
120.----------------------,
10 •..••.••.•.•~~••~.•:7.=-=-.. -::"..::..:=-:..:-=-..=-=-.=:.. :..~... . - .
80 -.----- .•. ----- •. ----- •• ----.--.-.----.--------- .• ---.--- ---
;g
~ 60 •. -------------.---------.------------------------------------
co
b
rn
40 ------.-------.-.----- ••• ----.--- •.. --- •• ---.---- .•----.---.--
20 •..• --- •.• ------- ••• ------ •• ----.---- .. -- .• ---.---- ••• ---.-- •.
.00 0.03 0.06 0.09
Strain (Win)
222
0.12 0.15
r l
Specimen:
Date:
1.3
91ZW2
Initial Length (in): 20.0625 Ao ~ 0.5830 sqin
Width (in): 1.4995 At 0.2352 sqin
1.4980
1.4990 E ~ 31426.81 ksi
Thickness (in): 0.3905 Esh = 159.37 ksi
0.3880
0.3885 Yield
Gage Length (in): 6.0000 Strain = 0.0030 inlin
U~imate
Strain = 0.0679 inlin
Final Length (in): 21.0625
Final Width (in): 1.1140 de~a= 15.63 %
1.1165
Final Thickness (in): 0.2540 Static
0.1830 Yield = 90.33 ksi
02795 U~imate
Final Gage (in): 6.9375 Yield = 100.94 ksi
Pmax(computer): 58.85 Pstatic: 52.30 kips
53.40 kips
Pmax(machine): 58.85 52.30 kips
Notes: Break occurred within 1'+ at gage length.
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Specimen:
Date:
L4
9f2.3192
Initial Length (in): 20.0625 Ao ~ 0.5748 sqin
Width 0n): 1.4940 Af 0.2013 sqin
1.4860
1.4970 E 31580.80 ksi
Thickness (in): 0.3865 Esh = 184.26 ksi
0.3840
0.3850 Yield
Gage Length (in): 6.0000 Strain = inJin
U~imate
Strain = inJin
Final Length (in): 21.0625
Final Width (in): 1.0780 de~a= %
1.1000
Final Thickness (in): 0.2730 Static
0.1570 Yield = 84.38 ksi
0.2080 Uttimate
Final Gage 0n): 6.3125 Yield~ 95.34 ksi
Pmax(computer): 54.30 Pstatic: 47.90 kips
49.10 kips
Pmax(machine): 54.80
Notes: Break occurred undemeath extensometer.
Approximately 112".
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Strain (in/in)
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Specimen:
Date:
1.5
91Z3/92
Initial Length (in): 19.9375 Ao = 0.5780 sqin
Width (in): 1.4955 Af 0.2146 sqin
1.4865
1.4990 E 30307.43 ksi
Thickness (in): 0.3880 E 162.59 ksi
0.3860
0.3870 Yield
Gage Length (in): 6.0000 Strain = 0.0028 inJin
Uttimate
Strain = 0.0660 inJin
Final Length (in): 21.0625
Final Width (in): 1.1010 detta= 13.54 %
1.1195
Final Thickness (in): 0.2500 Static
0.1595 Yield = 83.82 ksi
0.2715 Ultimate
Final Gage (in): 6.8125 Yield = 95.58 ksi
Pmax(romputer): 55.05 Pstatic: 47.80 kips
49.10 kips
Pmax(machine): 55.25
Notes: Break occurred within 2"+ of gage length.
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Specimen:
Date:
L6
9!23192
Initial Length (in): 20.0000 Ao = 0.5805 sqin
Width 0n): 1.4960 Af 0.2253 sqin
1.4935
1.4990 E 31084.58 ksi
Thickness (in): 0.3885 Esh = 145.44 ksi
0.3875
0.3880 Yield
Gage Length (in): 6.0000 Strain = 0.0027 jnJin
Ultimate
Strain = 0.0785 inJin
Final Length (in): 21.0625
Final Width (in): 1.1545 defia= 15.63 %
1.1230
Final Thickness (in): 0.2600 Static
0.1750 Yield = 86.04 ksi
0.2270 Ufiimate
Final Gage (in): 6.9375 Yield = 97.33 ksi
Pmax(compuler): 56.32 Pslalic: 50.00 kips
49.60 kips
Pmax(machine): 56.50 50.00 kips
50.20 kips
Notes: Break occurred in center of gage length.
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Strain (in/in)
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Specimen:
Date:
T1
9/21/92
Initial Length (in): Ao = 0.5822 sqin
Width (in): 1.5075 Af = 0.2610 sqin
1.5010
1.5065 E = 33384.82 ksi
Thickness (in): 0.3870 Esh = 208.12 ksi
0.3860
0.3875 Yield
Gage Length (in): 6.0000 Strain = inlin
U~imate
Strain = inlin
Final Length (in): 20.8125
Final WJdlh (in): 1.1170 de~a= %
1.1230
Final Thickness (in): 0.2960 Static
0.2165 Yield = 88.80 ksi
0.2360 U~imate
Final Gage (in): 6.3750 Yield = 99.80 ksi
Pmax(computer): 56.10 Pstatic: 51.50 kips
51.90 kips
Pmax(machine): 58.10
"---<) Notes: Break occurred 3/4" outside of gage length.
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Specimen:
Date:
T2
9121192
Initial Length (in): Ao = 0.5893 sqin
Width 0n): 1.5045 Af 0.2341 sqin
1.5005
1.5030 E 29463.20 ksi
Thickness (in): 0.3880 Esh = 184.88 ksi
0.3990
0.3895 Yield
Gage Length (in): 6.0000 Strain = 0.0032 inlin
U~imate
Strain = 0.0678 inJin
Final Length (in): 21.1250
Final WKfth (in): 1.0950 de~a= 15.63 %
1.1140
Final Thickness (in): 0.2825 Static
0.1805 Yield = 89.54 ksi
0.2670 U~imate
Final Gage (in): 6.9375 Yield = 99.27 ksi
Pmax(oomputer): 56.50 Pstatic: 52.30 kips
53.00 kips
Pmax(machine): 58.50 53.00 kips
Notes: Break occurred within 112"+ of gage length.
Three necks observed in specimen gage length.
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Strain (in/in)
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Specimen:
Date:
T3
9/22192
Initial Length (in): Ao = 0.5782 sqin
Width (in): 1.5065 At 0.2702 sqin
1.4730
1.5065 E 31866.08 ksi
Thickness (in): 0.3875 Esh = 166.07 ksi
0.3850
0.3875 Yield
Gage Length (in): 6.0000 Strain = 0.0028 in/in
Uttimate
Strain = 0.0720 in/in
Final Length (in): 21.0625
Final Width (in): 1.1040 detta= 11.46 %
1.1130
Final Thickness (in): 0.2905 Static
0.2210 Yield = 91.32 ksi
0.2880 Uttimate
Final Gage (in): 6.6875 Yield = 101.35 ksi
Pmax(computer): 58.60 Pstatic: 52.60 kips
52.70 kips
Pmax(machine): 58.60 53.00 kips
52.90 kips
Noles: Break occurred at end of gage length.
Three necks observed in gage length.
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Specimen:
Dale:
T4
9f2.4/92
Initial Length (in): 20.0000 Ao = 0.5791 sq in
Width 0n): 1.4895 Af 0.2397 sq in
1.4855
1.4890 E 32894.09 ksi
Thickness (in): 0.3870 Esh = 218.53 ksi
0.3900
0.3905 Yield
Gage Length (in): 6.0000 Strain = 0.0025 inJin
Ukimate
Strain = 0.0568 inJin
Final Length (in): 20.8750
Final Width (in): 1.0785 delta = 13.02 %
1.0870
Final Thickness (in): 0.2900 Static
0.1850 Yield = 82.77 ksi
0.2985 Ukimale
Final Gage (in): 6.7813 Yield = 93.86 ksi
Pmax(computer): 54.17 Pstalic: 47.60 kips
47.80 kips
Pmax(machine): 54.35 48.40 kips
Noles: Break occurred in center of gage length.
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Strain (in/in)
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Specimen:
Date:
T5
9124192
Initial Length (in): 20.0000 Ao = 0.5770 sqin
Width (in): 1.4895 Af 0.2271 sqin
1.4840
1.4895 E 31725.23 ksi
Thickness (in): 0.3880 Esh = 188.36 ksi
0.3880
0.3875 Yield
Gage Length (in): 6.0000 Strain = 0.0027 inJin
U~imate
Strain = 0.0622 inJin
Final Length (in): 20.8750
Final Width (in): 1.1215 de~a= 13.54 %
1.1140
Final Thickness (in): 0.2915 Static
0.1650 Yield = 84.15 ksi
0.2675 U~imate
Final Gage (in): 6.8125 Yield = 96.54 ksi
Pmax(computer): 55.50 Pstatic: 47.80 kips
49.30 kips
Pmax(machine): 55.70
Notes: Break occurred within 2 112" of gage length.
Break occurred within decreased area
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Specimen:
Date:
T6
9/24/92
Initial Length (in): 19.9375 Ao = 0.5760 sqin
Width (in): 1.4880 At 0.2560 sqin
1.4835
1.4875 E 31621.87 ksi
Thickness (in): 0.3865 Esh = 145.62 ksi
0.3885
0.3875 Yield
Gage Length On): 6.0000 Strain = 0.0025 inJin
Ultimate
Strain = 0.0784 inJin
Final Length (in): 21.0000
Final Width (in): 1.0795 delta = 15.63 %
1.0950
Final Thickness (in): 0.3100 Static
0.2205 Yield = 82.99 ksi
0.2210 Ultimate
Final Gage (in): 6.9375 Yield = 94.80 ksi
Pmax(computer): 54.60 Pstatic: 47.10 kips
48.20 kips
Pmax(machine): 54.60 48.10 kips
Notes: Break occurred in center of gage length.
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One-Half Scale Tensile Coupon Data
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Specimen: l1 (Half Scale)
Date: 215193
Initial Length (in): 17.0625 Ao = 0.5946 sq in
Width (in): 1.5160 At = 0.2411 sqin
1.5090
1.5065 E 30901.55 ksi
Thickness (in): 0.3940 Esh = 157.34 ksi
0.3935
0.3935 Yield
Gage Length (in): 6.0000 Strain = 0.0037 inJin
Ultimate
Strain '" 0.0900 inJin
Final Length (in): 18.1875
Final Width (in): 1.0750 delta = 17.19 %
1.0750
Final Thickness (in): 0.3010 Static
0.2030 Yield", 80.83 ksi
0.2325 Ultimate
Final Gage (in): 7.0313 Yield", 92.16 ksi
Pmax(computer): 54.24 Pstatic: 47.90 kips
48.10 kips
Pmax(machine): 54.80 48.20 kips
Notes: Break occurred approximately 1/4" above center
ot gage length
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Strain (injin)
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Specimen: L2 (Half Scala)
Date: 218193
Initial Length (in): 17.0625 Ao = 0.5950 sq in
Width ~n): 1.5155 Af 0.2119 sq in
1.5085
1.5045 E 3164725 ksi
Thickness (in): 0.3945 Esh = 241.2561 ksi
0.3955
0.3925 Yield
Gage Length (in): 6.0000 Strain = 0.0031 inJin
U~imate
Strain = 0.0652 inJin
Final Length (in): 18.0625
Final Width (in): 1.0770 delta = 13.54 %
1.0675
Final Thickness (in): 0.2890 Static
0.1578 Yield = 78.28 ksi
0.2658 Ultimate
Final Gage (in): 6.8125 Yield = 90.08 ksi
Pmax(computer): 53.20 Pstatic: 46.10 kips
46.30 kips
Pmax(machine): 53.60 46.60 kips
47.30 kips
Notes: Break occurred 118" below upper gage line
(3" above center of specimen).
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Specimen: L..3 (Half Scale) (~
Date: 219/93
Initial Length (in): 17.0625 Ao = 0.5920 sqin
Width (in): 1.5165 Af 0.2725 sqin
1.5085
1.5055 E 32047.14 ksi
Thickness (in): 0.3915 Esh = 227.3447 ksi
0.3920
0.3925 Yield
Gage Length (in): 6.0000 Strain 0.0032 inlin
U~imate
Strain 0.0668 inlin
Final Length (in): 17.9375
Final Width (in): 1.1125 delta = 14.06 %
1.1085
Final Thickness (in): 0.2690 Static
0.2310 Yield = 81.42 ksi
0.2795 Ultimate
Final Gage un): 6.8438 Yield = 93.41 ksi
Pmax(computer): 54.93 Pstatic: 48.00 kips
48.10 kips
Pmax(machine): 55.30 48.30 kips
48.40 kips
Notes: Break occurred approximately 2 318" below
center of gage length.
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Specimen: T1 (Half Scale)
Date: 215193
Initial Length (in): 17.1250 Ao = 0.5971 sqin
Width (in): 1.5220 Al 0.2038 sqin
1.5155
1.5110 E 30630.71 ksi
Thickness (in): 0.3920 Esh = 368.8129 ksi
0.3940
0.3955 Yield
Gage Length (in): 6.0000 Strain = 0.0032 inlin
Uttimate
Strain = 0.0383 inlin
Final Length (in): 17.8125
Final Width (in): 1.1140 detta= 11.98 %
1.0825
Final Thickness (in): 0.2015 Static
0.1710 Yield = 79.78 ksi
0.2280 Uttimate
Final Gage (in): 6.7188 Yield = 89.93 ksi
Pmax(romputer}: 53.30 Pstatic: 46.30 kips
47.10 kips
Pmax(machine}: 53.70 47.40 kips
48.10 kips
49.30 kips
Notes: Break occurred approximately 3/8" below center
of gage length.
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Specimen: T2 (Half Scale)
Date: 2l8I93
Initial Length (in): 16.9375 Ao = 0.5990 sq in
Width (in): 1.5215 At = 0.2520 sq in
1.5140
1.5100 E = 32813.04 ksi
Thickness (in): 0.3950 Esh = 409.7719 ksi
0.3955
0.3955 Yield
Gage Length (in): 6.0000 Strain = 0.0032 in/in
Uitimate
Strain = 0.0588 in/in
Final Length (in): 17.7500
Final Width (in): 1.1235 deita= 12.50 %
1.1235
Final Thickness (in): 0.2400 Static
0.2040 Yield = 81.09 ksi
02900 Uitimate
Final Gage (in): 6.7500 Yield = 92.32 ksi
Pmax(computer): 54.82 Pstatic: 48.20 kips
48.70 kips
Pmax(machine): 55.30 48.60 kips
48.80 kips
Notes: Break occurred approximately 1/4" below
center ot gage length.
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Specimen: T3 (Half scale)
Date: 218193
Initial Length (in): 16.8750 Ao '" 0.5944 sq in
Width (in): 1.5195 Af 0.2848 sq in
1.5135
1.5120 E 32843.42 ksi
Thickness (in): 0.3920 Esh = 280.9545 ksi
0.3935
0.3915 Yield
Gage Length (in): 6.0000 Strain = 0.0033 inJin
URimate
Strain = 0.0532 inJin
Final Length (in): 17.6875
Final Width (in): 1.1470 deRa= 11.46 %
1.1435
Final Thickness (in): 02900 Static
0.2270 Yield = 83.74 ksi
02940 URimate
Final Gage Qn): 6.6875 Yield = 93.71 ksi
Pmax(computer): 55.21 Pstatic: 49.30 kips
49.70 kips
Pmax(machine): 55.70 49.80 kips
50.30 kips
Notss: Break occurred approximately 1/4" below
center of gage length.
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APPENDIX B
Measured Dimensions and
Section Properties for Test Specimens
240
Definition of Axes for Section Property Computations
Single Cells: l
j
Double Cell:
1
<tr-- 1-----
I
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Triple Cells: <r-
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.
I
I
93-8025
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Measured Dimensions and Section Properties for Specimen 1-3636-10
Average Dimensional Quantity Nominal Measured
Overall Length, L (in) 120 122.5
Width along I-Axis, WI (in) 36 38.5
Width along 2-Axis, W2 (in) 36 35.625
Thickness, t (in) 0.375 0.394
I Section Property I Nominal I Measured I
Cross-sectional Area, A (in2) 54.0 58.5
Moment of Inertia about 11664 12743
I-Axis, II (in4)
Moment of Inertia about 11664 12732
2-Axis, 12 (in4)
Average Width-to-Thickness 96 89.6
Ratio of the Web Plates
Average Width-to-Thickness 96 92.4
Ratio of the Flange Plates
Radius of Gyration about 14.7 14.8
I-Axis, r, (in)
Radius of Gyration about 14.7 14.8
2-Axis, r2 (in)
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Measured Dimensions and Section Properties for Specimen 1-3636-18
Average Dimensional Quantity Nominal Measured
Overall Length, L (in) 216 216
Width along I-Axis, WI (in) 36 38.375
Width along 2-Axis, w2 (in) 36 35.25
Thickness, t (in) 0.375 0.389
I Section Property I Nominal I Measured I
Cross-sectional Area, A (in2) 54.0 57.8
Moment of Inertia about 11664 12815
I-Axis, I[ (in4)
Moment of Inertia about 11664 12632
2-Axis, 12 (in4 )
Average Width-to-Thickness 96 93.1
Ratio of the Web Plates
Average Width-to-Thickness 96 91.3
Ratio of the Flange Plates
Radius of Gyration about 14.7 14.9
I-Axis, r[ (in)
Radius of Gyration about 14.7 14.8
2-Axis, r2 (in)
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Measured Dimensions and Section Properties for Specimen 1-3636-35
Average Dimensional Quantity Nominal Measured
Overall Length, L (in) 420 419.875
Width along I-Axis, WI (in) 36 38.5
Width along 2-Axis, w2 (in) 36 35.75
Thickness, t (in) 0.375 0.390
I Section Property I Nominal I Measured I
Cross-sectional Area, A (in2) 54.0 57.8
Moment of Inertia about 11664 12723
I-Axis, II On4)
Moment of Inertia about 11664 12696
2-Axis, 12 (in4)
Average Width-to-Thickness 96 91.8
Ratio of the Web Plates
Average Width-to-Thickness 96 92.4
Ratio of the Flange Plates
Radius of Gyration about 14.7 14.8
I-Axis, r l (in)
Radius of Gyration about 14.7 14.8
2-Axis, [2 (in)
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Measured Dimensions and Section Properties for Specimen 2-3036-6
Average Dimensional Quantity Nominal Measured
Overall Length, L (in) 72 71.75
Width along I-Axis, WI (in) 72 73.688
Width along 2-Axis, w2 (in) 30 30
Thickness, t (in) 0.375 0.391
I Section Property I Nominal I Measured I
Cross-sectional Area, A (in2) 87.8 92.3
Moment of Inertia about 14682 15738
I-Axis, II (in4)
Moment of Inertia about 52488 54303
2-Axis, 12 (i0 4)
Average Width-to-Thickness 80 75.6
Ratio of the Web Plates
Average Width-to-Thickness 96 92.4
Ratio of the Flange Plates
Radius of Gyration about 12.9 13.1
I-Axis, r l (in)
Radius of Gyration about 24.5 24.3
2-Axis, r2 (in)
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Measured Dimensions and Section Properties for Specimen 3-1818-6
Average Dimensional Quantity Nominal Measured
Overall Length, L (in) 72 74.5
Width along I-Axis, WI (in) 54 56.641
Width along 2-Axis, w2 (in) 18 17.625
Thickness, t (in) 0.375 0.396
I Section Property I Nominal I Measured I
Cross-sectional Area, A (in2) 67.5 72.7
Moment of Inertia about 4010 4356
I-Axis, I[ (in4)
Moment of Inertia about 20777 23307
2-Axis, 12 (in4)
Average Width-to-Thickness 48 44.6
Ratio of the Web Plates
Average Width-to-Thickness 48 45.5
Ratio of the Flange Plates
Radius of Gyration about 7.7 7.7
I-Axis, r1 (in)
Radius of Gyration about 17.5 17.9
2-Axis, r2 (in)
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Measured Dimensions and Section Properties for Specimen 3-2430-6
Average Dimensional Quantity Nominal Measured
Overall Length, L (in) 72 71.75
Width along I-Axis, WI (in) 72 74.469
Width along 2-Axis, W2 (in) 30 29.625
Thickness, t (in) 0.375 0.391
I Section Property I Nominal I Measured I
Cross-sectional Area, A (in2) 99.0 104.2
Moment of Inertia about 15526 16388
I-Axis, II (in4)
Moment of Inertia about 55729 59969
2-Axis, 12 (in4)
Average Width-to-Thickness 80 75.5
Ratio of the Web Plates
Average Width-to-Thickness 64 61.9
Ratio of the Flange Plates
Radius of Gyration about 12.5 12.5
I-Axis, r1 (in)
Radius of Gyration about 23.7 24.0
2-Axis, r2 (in)
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Measured Dimensions and Section Properties for Specimen 3-3036-6
Average Dimensional Quantity Nominal Measured
Overall Length, L (in) 72 71.875
Width along I-Axis, w, (in) 108 110.313
Width along 2-Axis, W2 (in) 30 29.625
Thickness, t (in) 0.375 0.388
I Section Property I Nominal I Measured I
Cross-sectional Area, A (in2) 126.0 131.1
Moment of Inertia about 21601 22473
I-Axis, I) (in4)
Moment of Inertia about 151633 161805
2-Axis, 12 (in4)
Average Width-to-Thickness 80 75.9
Ratio of the Web Plates
Average Width-to-Thickness 96 93.7
Ratio of the Flange Plates
Radius of Gyration about 13.1 13.1
I-Axis, r, (in)
Radius of Gyration about 34.7 35.1
2-Axis, r2 (in)
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APPENDIX C
Panel Numbering Scheme for Test Specimens
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APPENDIX D
Load Step Information for Test Specimens
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Specimen 3-3036-6
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